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1.0  INTRODUCTION 


High  power  solid-state  lasers  operating  in  the  two-micron  spectral  regime  have  numerous 
applications  and,  in  addition,  provide  an  excellent  starting  point  for  nonlinear  frequency 
conversion  to  the  mid-infrared  (~3-5pm)  spectral  region.  The  conventional  way  to  achieve  laser 
output  in  the  ~2pm  regime  is  via  diode  pumping  of  crystals  doped  with  Tm  or  doped  with  Tm 
and  Ho.  However,  the  combination  of  a  low  emission  cross-section  and  the  quasi-three-level 
nature,  which  are  typical  of  the  laser  transitions  involved,  leads  to  a  requirement  for  high 
pumping  intensities,  which  lead,  in  turn,  to  high  thermal  loading  densities  and  strong  thermal 
effects.  The  latter  can  be  highly  detrimental  to  laser  performance,  particularly  in  laser 
configurations  (e.g.  end-pumped  lasers)  in  which  the  pump  light  is  deposited  in  a  highly  non- 
uniform  manner,  owing  to  the  very  strong  and  highly  aberrated  thermal  lensing  that  results.  As  a 
consequence,  power-scaling  whilst  maintaining  diffraction-limited  (TEMqo)  beam  quality  and 
high  efficiency  is  extremely  difficult. 


Cladding-pumped  Tm-doped  silica  fiber  lasers  offer  an  alternative  route  to  high  output  power  in 
the  two-micron  spectral  region.  The  main  attractions  of  cladding-pumped  fiber  sources 
compared  to  conventional  ‘bulk’  solid-state  lasers  are  derived  directly  from  the  geometry,  which 
allows  simple  thermal  management  with  waste  heat  distributed  over  a  long  length  of  fiber 
reducing  the  likelihood  of  damage  due  to  melting  or  fracture.  Furthermore,  the  wave  guiding 
properties  of  the  core  can  be  easily  tailored  to  select  a  single-spatial-mode  output  beam  with 
relative  immunity  from  the  problem  of  thermal  lensing.  Prior  to  this  project  commencing, 
cladding-pumping  of  Tm-doped  silica  fiber  lasers  by  785-795nm  diode  lasers  had  already 
yielded  output  powers  up  to  14W  (limited  by  available  pump  power)  [1],  and  wavelength  tunable 
operation  from  1860-2090nm  at  multi-watt  power  levels  [2],  Further  increase  in  output  power, 
as  well  as  extension  of  the  tuning  range  to  shorter  wavelengths  would  benefit  a  number  of 
applications.  However,  this  is  rather  difficult  via  the  ~785-795nm  pumping  route  for  several 
reasons:  Firstly,  further  power  scaling  is  hindered  by  the  limited  availability  of  commercial 
high-power  diode  sources  (e.g.  diode-stacks)  at  the  required  operating  wavelengths,  and  by  the 
low  Stokes  efficiency  (and  hence  high  fractional  heating).  Secondly,  extending  the  tuning  range 
to  shorter  wavelengths  is  rather  difficult  because  of  the  high  re-absorption  loss  at  shorter 
wavelengths.  The  situation  is  further  exacerbated  in  a  cladding-pumped  fiber  laser  because  of 
the  need  to  use  a  relatively  long  length  of  fiber  for  efficient  pump  absorption.  This  problem 
arises  as  a  direct  result  of  the  low  brightness  from  high-power  diode  pump  sources. 


The  main  aim  of  this  research  program  was  to  explore  a  simple  alternative  approach  for  power 
scaling  of  Tm-doped  fiber  lasers  and  at  the  same  time  extending  the  wavelength  tuning  range  to 
much  shorter  wavelengths.  Our  approach  is  based  on  a  hybrid  fiber  laser  scheme,  where  a 
cladding-pumped  Er,Yb  fiber  laser  operating  in  the  1 .56-1 ,62pm  spectral  region  is  used  to  pump 
‘in-band’  a  Tm-doped  silica  fiber  laser.  The  main  goal  of  the  project  was  to  demonstrate 
efficient,  high -power  (>10W)  operation  of  a  Tm-doped  fiber  laser  with  operating  wavelength 
tunable  over  a  very  wide  range  (~1730nm  to  ~2060nm),  and  to  show  that  this  approach  offers  the 
potential  for  scaling  output  power  to  much  higher  levels. 
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2.0  OBJECTIVES 


The  hybrid  fiber  laser  scheme  offers  many  potential  advantages  over  direct  diode -pumping  of 
double-clad  Tm-doped  fibers.  The  rationale  behind  this  approach  is  as  follows:  Firstly,  high- 
power  diode-stacks  with  operating  wavelengths  in  the  910-980nm  band  suitable  for  pumping 
Er,Yb  fiber  lasers  are  commercially  available.  Thus,  cladding-pumping  of  Er,Yb  fiber  lasers 
provides  a  relatively  simple  means  for  generating  high  power  in  the  1560-1620nm  spectral 
region  in  a  single-mode  or  slightly  multimode  output  beam.  Secondly,  the  absorption  peak  in 
Tm-doped  silica  for  the  3H6— >3F4  transition  is  at  1640  nm  and  is  very  broad  (~150nm),  allowing 
efficient  pumping  of  a  Tm  fiber  laser  by  an  Er,Yb  fiber  laser.  This  approach  has  the  advantage 
over  direct  cladding-pumping  of  Tm  fiber  lasers  with  790nm  diodes  that  the  effective  pump 
absorption  length  in  a  core -pumped  or  a  small  cladding-to-core  area  ratio  cladding-pumped 
configuration  is  much  shorter  for  a  given  Tm  concentration,  allowing  very  short  devices  lengths 
to  be  used,  and  hence  offering  the  prospect  of  wavelength  tunability  over  a  wider  fraction  of  the 
Tm3+  emission  spectmm  and  efficient  operation  at  much  shorter  wavelengths  (down  to 
~1720nm).  Another  advantage  is  that  no  excited-state  absorption  occurs  at  a  pumping 
wavelength  ~1.6jim  (which  is  not  the  case  at  pump  wavelengths  at  ~0 ,79pm  and  ~1.06|im).  The 
overall  result  is  that  it  should  be  possible  to  achieve  slope  efficiencies  with  respect  to  launched 
power  close  to  the  maximum  photon  conversion  efficiency  (-80-90%  depending  on  the  operating 
wavelength).  Thus,  the  main  theme  of  this  project  was  to  explore  this  route  for  simultaneously 
increasing  the  output  power  and  extending  the  range  of  operating  wavelengths  of  Tm-doped 
silica  fiber  lasers,  with  particular  emphasis  on  short  wavelength  operation. 

The  main  objectives  of  the  research  program  were  as  follows: 

(a)  To  formulate  a  strategy  for  power  scaling  of  cladding-pumped  Er,Yb  fiber  lasers  and  to 
develop  a  high-power  Er,Yb  fiber  with  a  good  beam  quality  (M  <  2)  for  efficient  pumping  of 
Tm-doped  silica  fibers  in  both  core -pumped  and  cladding-pumped  laser  configurations. 

(b)  To  investigate  cladding-pumping  of  Tm  fiber  lasers  by  the  high  power  Er,Yb  fiber  laser 
developed  in  stage  (a)  and  to  demonstrate  an  ultra-efficient,  high-power  Tm  fiber  laser  with 
output  power  well  in  excess  of  10W  and  with  a  wide  wavelength  tuning  range. 

(c)  To  investigate  core -pumped  or  (small  cladding-to-core  area  ratio  cladding-pumped)  Tm 
fiber  laser  configurations  with  the  aim  of  demonstrating  a  Tm  fiber  laser  with  output  power 
>10W  and  with  operating  wavelength  tunable  to  short  wavelengths  (<1750nm). 

(d)  To  formulate  a  strategy  for  further  power  scaling  of  Tm  fiber  lasers. 


3.0  DEVELOPMENT  OF  HIGH-POWER  ERBIUM-DOPED  FIBER  PUMP 
SOURCES 

3.1  Introduction 

Cladding-pumped  Er-doped  fiber  lasers  offer  the  prospect  of  high  output  power  and  high 
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brightness  in  the  -1.5-1. 6pm  regime,  with  relative  immunity  from  the  effects  of  heat  generation 
which  are  often  so  detrimental  to  conventional  bulk  lasers.  Another  attractive  feature  of  fiber 
lasers  is  wavelength  flexibility.  The  broad  transition  linewidths  that  are  typical  in  glass  hosts 
allows  fiber  laser  wavelengths  to  be  tuned  over  a  wide  range.  For  example,  cladding-pumped 
fiber  lasers  based  on  erbium  have  been  demonstrated  at  multi-watt  power  levels  with  wavelength 
tunable  operation  covering  the  wavelength  range  ~1.53pm  to  ~1.62pm  [3,4],  The  combination 
of  wavelength  flexibility,  high  efficiency  and  good  beam  quality  makes  Er  fiber  lasers  excellent 
pump  sources  for  bulk  Er  lasers  and  Tm  fiber  lasers.  However,  scaling  the  output  power  of  Er- 
doped  fiber  lasers  in  the  1.5-1. 6pm  regime  is  more  challenging  than  for  Yb-doped  fiber  lasers 
operating  in  the  1pm  wavelength  regime  due  to  the  larger  quantum  defect,  which  results  in 
higher  thermal  loading.  Moreover,  for  efficient  operation  of  cladding  pumped  Er-doped  fiber 
devices  it  is  necessary  to  co-doped  with  Yb3+  ions  to  increase  the  pump  absorption  coefficient 
and  to  broaden  the  absorption  band  to  ~910-980nm  to  better  match  the  emission  wavelengths 
available  from  high  power  diode  pump  sources.  A  relatively  high  pump  absorption  coefficient  is 
necessary  to  keep  the  device  length  short  and  hence  the  background  loss  to  an  acceptable  level  in 
cladding-pumped  devices.  Sensitization  of  Er-doped  fibers  with  Yb  has  become  a  very  well- 
established  technique  [5,6],  In  this  pumping  scheme  (see  Fig.l)  the  Yb3+  ions  are  excited  to  the 
2F5/2  level  and  the  Er3+  ions  are  then  excited  by  non-radiative  energy-transfer  from  the  Yb3+  ions 
followed  by  rapid  relaxation  to  the  upper  laser  level  (4Ii3/2).  At  the  time  this  project  commenced 
the  maximum  power  demonstrated  via  this  pumping  scheme  from  a  cladding-pumped  Er,Yb 
fiber  laser  was  103W  from  a  simple  (non -tunable)  laser  configuration  [7],  It  was  noted  that 
lasing  on  the  Er3+  transition  at  ~  1.5pm  was  accompanied  by  lasing  on  the  Yb3+  transition  at 
-lpm,  thereby  reducing  the  lasing  efficiency  at  1.5  pm.  This  problem  highlights  the  need  for 
very  careful  selection  and  control  of  the  Er3+  and  Yb3+  ion  concentrations  to  ensure  efficient 
energy-transfer  from  Yb3+  to  Er3+  and  to  suppress  parasitic  lasing  on  the  Yb3+  transition  at  ~lpm, 
whilst  maintaining  flexibility  in  the  choice  of  operating  wavelength. 


4F 
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Figure  1 :  Energy  level  diagram  of  Yb  and  Er  ions  in  silica. 
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3.2  Diode-stack  pump  module  and  coupling  scheme 

Efficient  coupling  of  high  pump  power  from  relatively  low  brightness  diode  sources  is  a  very 
important  element  of  the  overall  fiber  laser  design.  At  present,  diode-stacks  provide  the  highest 
output  power  of  any  commercially  available  diode  source  and  hence  are  potentially  attractive  as 
pump  sources  for  scaling  fiber  lasers  to  high  power  levels.  However,  the  main  disadvantage  of 
diode-stacks  is  the  poor  quality  of  their  output  beams.  The  beam  propagation  factor  parallel  to 
the  diode  array,  Mx2,  is  typically  -1500-2000,  and  is  many  times  larger  than  the  beam 
propagation  factor,  My  (after  fast-axis  collimation),  in  the  stacking  direction,  making  it  difficult 
to  focus  to  the  small  beam  sizes  required  for  efficient  cladding  pumping.  For  this  project,  we 
employed  a  pump  source  comprising  two  12-bar  500 W  diode-stacks  at  976nm,  and  a  simple  a 
spatial  multiplexing  and  polarization  combining  scheme  to  yield  a  beam  which  could  be 
launched  efficiently  into  our  Er,Yb-doped  double-clad  fiber  (EYDF).  The  pump  combining 
optics  and  delivery  optics  are  shown  schematically  in  Fig.  2.  The  output  from  each  bar  on  the 
two  stacks  was  collimated  in  the  fast  and  slow  directions  by  high  numerical  aperture  fast-axis 
collimating  lenses  and  slow  axis  lens  arrays  respectively.  The  resulting  beams  from  the  two 
diode-stacks  were  then  combined  by  inter-leaving  using  a  slotted-mirror  beam-combiner  to 
produce  a  beam  with  Mx  ~  400  and  My  ~  150.  The  size  of  the  spatially-combined  beam  after 


Figure  2:  Diode-stack  pump  source. 


the  slotted-mirror  beam-combiner  was  then  increased  by  a  factor  of  2.5  in  the  x  direction  and 
reduced  by  a  factor  of  2  in  the  y  direction  with  the  aid  of  two  simple  telescopes  acting  in 
orthogonal  directions  (which  consisted  of  two  plano-convex  cylindrical  lenses  of  focal  lengths 
100mm  and  250mm  in  x  direction,  and  focal  lengths  of  200mm  and  100mm  in  the  y  direction)  to 
produce  a  beam  with  transverse  dimensions  of  25mm  and  12mm  in  the  x  and  y  directions 
respectively.  The  resulting  beam  was  then  split  into  two  beams  of  equal  width  in  the  x  direction, 
which  were  subsequently  polarization-combined  to  produce  a  single  beam  of  relatively  high¬ 
brightness  with  beam  propagation  factors  of  Mx2~200  and  My2~150,  and  with  a  maximum  power 
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of  -700  W.  The  main  source  of  power  loss  in  the  system  was  the  slotted-mirror  beam-combiner, 
which,  due  to  imperfect  positioning  of  the  constituent  mirrors,  reduced  the  power  by  -15%.  An 
improved  design  with  more  accurate  positioning  of  the  mirrors  is  expected  to  have  a  combining 
efficiency  of  >95%. 


3.3  Er,Yb  fiber  design 

The  EYDF  used  in  this  project  was  pulled  from  a  preform  fabricated  in-house  using  the  standard 
modified  chemical  vapour  deposition  (MCVD)  and  the  solution  doping  technique  [8],  The 
phospho-silicate  core  had  a  diameter  of  30pm  and  a  numerical  aperture  (NA)  of  0.22  and  was 
doped  with  Er3+  and  Yb3+.  A  relatively  high  Yb3+  ion  concentration  (~8.7xl020  cm"3)  was  used 
to  achieve  a  relatively  high  pump  absorption  coefficient  and  to  help  promote  efficient  energy 
transfer  from  Yb3+  to  Er3+  to  increase  the  overall  efficiency.  This  also  helps  to  prevent  parasitic 
lasing  on  the  Yb3+  transition  at  -lpm.  In  contrast,  a  relatively  low  Er3+  ion  concentration 
(~5.1xl019  cm"3)  was  employed  to  reduce  the  re-absorption  loss  at  short  wavelengths.  The  use  of 
a  low  Er3+  ion  concentration  and  a  high  Yb3+  ion  concentration  is  crucial  for  efficient  operation 
at  the  short  wavelength  end  of  the  Er-doped  silica  emission  spectrum  in  cladding-pumped  fiber 
laser  configurations. 

The  core  was  surrounded  by  a  pure  silica  D-shaped  inner-cladding  of  400  pm  diameter  (-360  pm 
along  the  short  axis).  The  latter  was  coated  with  a  low  refractive  index  (n=1.375)  UV  curable 
polymer  outer-cladding  to  produce  a  high  effective  numerical  aperture  (>0.4  NA)  waveguide  for 
the  pump  to  facilitate  efficient  launching  of  pump  light  from  high-power  (but  low-brightness) 
diode  sources.  The  effective  absorption  coefficient  for  pump  light  launched  into  the  cladding  as 
a  function  of  pump  wavelength  is  shown  in  Fig.  3.  It  can  be  seen  that  the  absorption  coefficient 
for  pump  wavelengths  in  974-97 8nm  regime  is  >6dB/m  indicating  that  relatively  short  fiber 
lengths  (<3m)  would  be  sufficient  for  efficient  pump  absorption.  The  short  device  length  and  the 
relatively  large  core  diameter  of  30pm  also  helps  to  increase  the  threshold  for  unwanted 


Figure  3:  Effective  absorption  coefficient  versus  pump  wavelength. 


nonlinear  loss  processes,  and  helps  to  prevent  self-pulsing  and  damage  to  the  fiber  end  facets. 
The  use  of  a  diode  pump  source  with  emission  wavelength  closely  matched  to  the  absorption 
peak  is  therefore  very  important  for  efficient  operation  at  1532nm.  Pump  wavelengths  in  the 
~920-960nm  band  would  necessitate  the  use  of  a  longer  fiber  for  efficient  pump  absorption  with 
the  result  that  there  would  be  reduced  gain  at  shorter  wavelengths  due  to  increased  re-absorption 
loss,  and  amplified  spontaneous  emission  and/or  parasitic  lasing  at  longer  wavelengths  where  the 
gain  is  higher. 


3.4  Er,Yb  fiber  laser  configuration  and  performance 
(a)  Single-ended  pumping 

As  a  rough  guide  the  upper  limit  on  the  pump  beam  propagation  factor,  Mmax  ,  for  efficient 
coupling  into  a  double-clad  fiber  of  diameter  D  is  given  by: 

2  _  7tP  sin-1(NA) 

max  2^  ' 1 ' 

Hence,  for  efficient  coupling  into  the  400pm  diameter  (D-shaped)  inner-cladding  of  our  Er,Yb 
doped  fiber,  we  require  Mx,y2  <170.  To  satisfy  this  requirement,  we  reduced  the  value  for  Mx2 
from  200  to  -150  by  using  a  simple  spatial  filter.  This  also  resulted  in  a  reduction  in  the 
maximum  available  pump  power  to  -520W.  This  new  pumping  scheme  still  offers  higher  power 
and  much  lower  M  values,  as  well  as  improved  absorption  efficiency,  compared  to  the  940nm 
diode-stack  module  used  in  earlier  work. 

In  preliminary  experiments  aimed  at  determining  the  upper-limit  on  output  power  and  efficiency 
for  the  Er,Yb  fiber  laser,  we  employed  a  very  simple  (non-tunable)  cavity  configuration  (as 
shown  in  Fig.  4).  This  comprised  a  ~3m  length  of  EYDF  with  feedback  for  lasing  provided  by 
an  external  cavity  comprising  antireflection  coated  50mm  focal  length  collimating  and  focusing 
lenses  and  a  plane  mirror  with  high  reflectivity  (>99.5%)  at  1500-1650nm  and  high  transmission 
(>95%)  at  940-980nm,  at  one  end  of  the  fiber  and,  at  the  pump  in-coupling  end  of  the  fiber,  by 
the  -3.6%  Fresnel  reflection  from  a  perpendicularly-cleaved  fiber  end-facet.  The  pump  light 
was  launched  into  the  fiber  with  the  aid  of  a  simple  two-lens  focusing  arrangement  comprising 
anti-reflection  coated  plano-convex  lenses  with  focal  lengths  25mm  and  40mm,  separated  by 
~30mm,  to  reduce  the  detrimental  impact  of  spherical  aberration  on  pump  beam  quality  and 
launch  efficiency.  A  plane  dichroic  mirror  with  high  reflectivity  (>99.5%  at  45°)  at  the  pump 
wavelength,  and  high  transmission  (>98%)  at  1530-1570nm  was  allowed  efficient  extraction  of 
the  EYDF  laser  (EYDFL)  output.  In  addition,  a  second  dichroic  mirror  with  high  reflectivity  at 
1-1. lpm  and  high  transmission  at  975  nm  was  inserted  into  the  pump  beam  (as  shown)  to 
prevent  any  -1  pm  radiation,  due  to  parasitic  lasing  on  the  Yb3+  transition,  from  being  fed  back 
to  the  diode-stacks.  Using  this  pumping  arrangement,  the  maximum  pump  power  available  at  the 
fiber  end  facet  was  405W,  of  which  -86%  could  be  launched  into  the  EYDF. 

Both  end  sections  of  the  fiber  were  carefully  mounted  in  water-cooled  V-groove  heat-sinks  (as 
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shown  in  Fig.  4)  to  prevent  thermal  damage  to  the  fiber  coating  due  to  a  small  fraction  of  the 
pump  light  leaking  into  the  outer-cladding  close  to  the  fiber  ends.  As  an  additional  precaution 
against  pump-induced  damage  to  the  polymer  outer-cladding  small  sections  of  fiber  (~5-10mm 


Diode  stacks 
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Inner-cladding 


Heat-sink 
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Figure  4:  Er,Yb  fiber  laser  configuration  for  single-ended  pumping. 


long)  with  the  coating  removed  were  left  protmding  from  the  water-cooled  V-grooves.  In  this 
way,  light  in  the  wings  of  the  pump  beam  (which  does  not  couple  directly  into  the  inner- 
cladding)  spreads  out  rapidly  due  to  diffraction  and  strikes  the  water-cooled  V-groove  and  not 
the  polymer  outer-cladding. 

For  the  EYDFL  configuration  shown  in  Fig.  4,  the  threshold  for  lasing  was  reached  at  a  launched 
pump  power  of  ~3W  and  the  laser  yielded  a  maximum  output  power  of  129W  at  1565nm  with  a 
linewidth  of  ~2.6nm  (FWHM)  for  an  incident  pump  power  of  405W  (384W  launched).  The 
average  slope  efficiency  (with  respect  to  launched  pump  power)  was  37%  (see  Fig.  5).  The  slope 
efficiency  decreased  slightly  at  higher  powers  due  to  the  onset  of  parasitic  lasing  on  the  Yb3+  line 
at  1065  nm.  Feedback  for  ~1  pm  lasing  was  provided  by  the  two  perpendicularly-cleaved  fiber 
end  facets.  Under  these  operating  conditions,  the  threshold  for  ~1  pm  lasing  was  reached  at  a 
launched  pump  power  of  -125W  and  the  maximum  power  reached  ~23W  at  a  launched  pump 
power  of  405W.  This  indicates  that  the  excitation  density  for  the  upper  laser  level  (2F5/2)  in  Yb3+ 
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increases  significantly  with  pump  power  which,  in  turn,  suggests  that  the  energy-transfer 
efficiency  from  Yb3+  to  Er3+  is  sub-optimum.  It  is  also  worth  noting  that  the  slope  efficiency  for 
the  EYDFL  is  somewhat  lower  than  the  Stokes  efficiency  (-62%)  and  may  be  explained,  at  least 
in  part,  by  a  lower  than  expected  energy-transfer  efficiency.  Thus,  with  further  optimization  of 


Launched  pump  power  (W) 


Figure  5 :  Cladding-pumped  Er,Yb  fiber  laser  output  power  versus  launched  pump  power  for  single-ended 
pumping. 

the  Yb3+  and  Er3+  concentrations  it  may  be  possible  to  achieve  a  significant  increase  in  the  lasing 
efficiency.  The  beam  quality  factor  (M2)  for  the  EYDFL  was  measured  to  be  1.9,  which  was  a 
little  better  than  expected  given  that  the  core’s  V  parameter  is  -13.  The  power  stability  of  the 
laser  output  was  monitored  with  an  InGaAs  detector  (bandwidth  of  50  MHz)  and  no  self-pulsing 
was  observed  at  all  power  levels. 

(b)  Double-ended  pumping 

The  maximum  output  power  for  the  previous  (single-ended  pumping  configuration)  was  limited 
by  the  maximum  pump  power  that  could  be  launched  into  the  fiber.  To  increase  the  launched 
pump  power,  and  hence  the  EYDFL  output  power,  a  slightly  modified  pumping  scheme  was 

adopted,  as  shown  in  Fig.  6.  In  this  arrangement  the  pump  beam  from  the  diode-stack  source 

2 

(described  in  section  3.2)  was  split  into  two  beams  of  roughly  equal  power  and  roughly  equal  M 
parameters  (Mx2  ~  100  and  My2  ~  150)  using  a  plane  mirror  with  high  reflectivity  at  the  pump 
wavelength.  Pump  light  was  then  launched  into  opposite  ends  of  the  EYDF  with  the  aid  of  anti¬ 
reflection  coated  focusing  lenses  of  25mm  focal  length  and  dichroic  mirrors  with  high 
reflectivity  (>99.5%  at  45°)  at  the  pump  wavelength,  and  high  transmission  (>98%)  at  1530- 
1570nm.  As  before,  dichroic  mirrors  with  high  reflectivity  at  1-1.1  pm  and  high  transmission  at 
975  nm  were  inserted  into  both  pump  beams  (as  shown  in  Fig.  6)  to  prevent  any  -1  pm  radiation, 
due  to  parasitic  lasing  on  the  Yb3+  transition,  from  being  fed  back  to  the  diode-stacks.  For  this 
pumping  scheme,  we  estimated  that  the  overall  launch  efficiency  into  the  fiber  with  respect  to 
incident  pump  power  was  -  80%,  and  hence  a  little  lower  than  for  the  two-lens  focusing 
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arrangement  shown  in  Fig.  4.  However,  in  this  case  it  was  not  necessary  to  use  a  spatial  filter  to 
improve  the  beam  quality  before  the  final  focusing  lenses,  hence  a  much  higher  combined 
incident  pump  power  (-582W)  was  available,  of  which  -466 W  could  be  launched  into  the 
EYDF.  The  EYDFL  resonator  design  employed  was  identical  to  that  used  for  single -ended 


Er,Yb-doped  fiber 


Figure  6:  Er,Yb  fiber  laser  configuration  for  double-ended  pumping. 


pumping,  except  for  the  addition  of  a  dichroic  mirror  in  the  external  feedback  cavity  to  allow 
coupling  of  pump  light  into  the  adjacent  fiber  end-facet  as  well  as  the  opposite  fiber  end-facet. 
With  this  improved  pumping  scheme,  the  EYDFL  yielded  a  maximum  output  power  of  159W  at 
1565nm  at  the  maximum  pump  power,  corresponding  to  an  average  slope  efficiency  of  -34% 
(see  Fig.  7).  The  EYDFL  had  a  higher  slope  efficiency  of  37%  at  low  pump  powers  (<220 W), 
which  decreased  to  31%  at  high  pump  power  due  to  the  onset  of  parasitic  lasing  on  the  Yb3+ 
transition  at  -1  pm.  The  combined  output  (i.e.  from  both  fiber  ends)  at  1.065pm  was  measured 
to  be  <28  W.  Clearly,  it  is  important  to  suppress  the  1pm  lasing  to  realize  efficient  operation  at 
~1.5pm.  One  way  to  avoid  parasitic  lasing  at  -lpm  is  to  increase  the  cavity  loss  at  -lpm  by 
using  an  angle-polished  fiber  end  facet  nearest  the  external  cavity  and  by  using  an  external  cavity 
mirror  with  high  transmission  in  the  lpm  regime.  It  is  worth  noting  that  the  combined  laser 
output  power  at  1.565pm  and  1.065pm  (shown  in  Figs.  5  and  7)  increases  more  or  less  linearly 
with  pump  power  at  even  the  highest  pump  power  available,  and  there  is  no  evidence  of  any 
detrimental  impact  due  to  thermal  loading.  Hence,  with  the  appropriate  cavity  design  and  with 
the  required  degree  of  suppression  of  lpm  lasing,  it  should  be  possible  to  obtain  a  further 
increase  in  output  power  at  -  1.5pm  by  simply  increasing  the  pump  power. 

Removing  the  high  reflectivity  mirror  from  the  external  cavity,  so  that  feedback  for  both  lpm 
and  1.57pm  lasing  was  provided  by  the  two  perpendicularly-cleaved  fiber  end  facets,  resulted  in 
a  combined  output  power  of  188W  at  1565nm  for  a  launched  pump  power  of  466W  (see  Fig.  8). 


12 


0  100  200  300  400  500 
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Figure  7 :  Output  power  versus  launched  pump  power  for  free-running  Er,Yb  fiber  laser  with 
double-ended  pumping 


The  overall  slope  efficiency  with  respect  to  launched  pump  power  was  41%.  Similarly,  the  laser 
exhibited  a  high  slope  efficiency  of  43.1%  at  low  pump  powers  (<  300 W),  which  decreased  to 
36.8%  at  high  pump  powers  due,  once  again,  to  lasing  on  Yb3+  transition.  In  this  case,  lasing  at 
1065nm  resulted  in  a  total  output  power  (i.e.  from  both  fiber  ends)  of  <20W.  It  is  interesting  to 


Figure  8:  Output  power  versus  launched  pump  power  with  no  external  cavity. 


note  that  the  1pm  power  was  significantly  lower  for  the  latter  cavity  configuration.  This  is 
believed  to  be  due  to  lower  cavity  losses  at  1pm  for  the  former  cavity  configuration  (shown  in 
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Fig.  6)  due  to  residual  feedback  from  the  external  feedback  cavity  at  ~  1  pm.  The  laser  output 
power  versus  pump  power  (see  Fig.  8)  is  still  more  or  less  linear  even  the  highest  pump  powers  if 
parasitic  lasing  at  ~  1  pm  is  taken  into  account,  with  no  evidence  of  decrease  in  efficiency  due  to 
thermal  loading.  Hence,  with  more  pump  power  it  should  be  possible  to  obtain  a  further  increase 
in  output  power. 


3.5  Tunable  Er,Yb  fiber  laser 

Tunable  operation  of  the  EYDFL  was  demonstrated  employing  a  simple  external  cavity  design, 
as  shown  in  Fig.  9,  comprising  an  antireflection  coated  collimating  lens  of  focal  length  120  mm 


Figure  9:  Tunable  Er,Yb  fiber  laser  configuration. 

and  a  simple  replica  diffraction  grating  (600  lines/mm)  mounted  on  a  copper  substrate  to 
facilitate  removal  of  waste  heat.  A  relatively  long  focal  length  collimating  lens  in  the  external 
feedback  cavity  was  selected  to  avoid  any  possible  damage  to  the  grating,  and  to  reduce  the 
collimated  beam  divergence  and  hence  increase  the  spectral  selectivity  of  the  grating  feedback 
cavity.  The  grating  was  blazed  for  wavelength  of  ~1.65pm  with  reflectivity  of  -75%  for  light 
polarised  parallel  to  the  grooves  and  -95%  for  light  polarised  in  the  orthogonal  direction,  and 
was  aligned  in  the  Littrow  configuration  to  provide  wavelength  selective  feedback  and  hence  the 
means  for  adjusting  the  lasing  wavelength.  The  fiber  end  facet  nearest  the  grating  was  angle- 
polished  at  -14°  to  suppress  parasitic  lasing  between  the  two  fiber  end  facets.  A  shorter  fiber 
length  of  -  2m  was  selected  for  the  tunable  operation  and  the  combined  unabsorbed  pump  power 
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(from  two  ends)  was  measured  to  <  7W  for  a  total  launched  pump  power  of  336W.  In  this 
experiment,  the  maximum  launched  pump  power  was  limited  to  -336W  to  minimize  the  risk  of 
thermally-induced  damage  to  the  polymer  coating  and/or  fiber  end  section.  Using  this  resonator 
configuration,  the  laser  generated  a  maximum  output  power  of  108W  at  1538  nm  for  -336W  of 
launched  pump  power  (see  inset  of  Fig.  10).  The  threshold  pump  power  (launched)  was  ~  3.3W 
and  the  slope  efficiency  with  respect  to  launched  pump  power  was  32%.  The  linear  dependence 
of  the  output  power  on  the  pump  power  suggests  that  there  was  no  severe  thermal  induced 
deformation  on  the  bulk  grating  even  at  highest  pump  power,  and  indicates  that  there  is  scope  for 
further  power  scaling  of  this  simple  tunable  EYDFL  laser  architecture.  The  laser  output  power 
as  a  function  of  operating  wavelength  is  shown  in  Fig.  10.  The  lasing  wavelength  could  be  tuned 


Figure  10:  Tunable  Er,Yb  fiber  laser  output  power  versus  operating  wavelength  for  a  2m 
fiber.  (Inset:  Output  power  of  the  tunable  Er,Yb  fiber  laser  at  1538nm  versus 
launched  pump  power). 


from  1531  to  1571nm  at  output  power  levels  >50W,  and  over  36  nm  from  -1532  to  1568nm  at 
output  power  levels  in  excess  of  100W.  The  linewidth  (FWHM)  was  ~1  nm  and  the  short-term 
power  stability  was  measured  to  be  <  0.9%  (RMS)  on  a  timescale  of  300ps.  The  output  power 
was  also  very  stable  over  longer  time  periods  with  power  fluctuations  of  <  3%  over  a  timescale 
of  30  minutes.  Moreover,  we  did  not  observe  any  degradation  in  performance  over  a  period  of 
several  months  of  intermittent  use.  Further  details  of  this  work  can  be  found  in  Appendix  Al. 
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3.6  Thermal  effects  and  their  mitigation 


The  maximum  output  powers  for  the  EYDFL  configurations  discussed  in  the  previous  sections 
were  limited  by  available  pump  power.  However,  in  preliminary  experiments,  thermally-induced 
damage  to  the  protmding  fiber  end  sections  and/or  polymer  coating  limited  the  EYDFL  output 
power.  Thermally-induced  damage  was  avoided  by  carefully  selecting  the  length  of  fiber 
protmding  from  the  heat-sinks,  and  by  careful  design  of  the  water-cooled  heat-sink.  The  main 
damage  mechanism  is  thought  to  be  melting  of  the  core  and  surrounding  material  due  to  heat 
generated  in  the  core,  and  the  main  source  of  waste  heat  is  thought  to  be  quantum  defect  heating. 
An  estimate  of  the  maximum  heat  that  can  be  generated  per  unit  length  of  fiber  (Ph/L)max  before 
the  onset  of  melting  can  be  obtained  from  [9] 


(2) 


bh  Va/ 


where  a  is  the  core  radius,  b  is  the  inner-cladding  radius,  Kc  is  the  thermal  conductivity  of  silica, 
Tm  is  the  melting/softening  temperature  of  silica  (-2000K),  Tc  is  the  ambient  temperature  of  the 
surroundings  and  h  is  the  heat  transfer  coefficient.  This  assumes  that  the  heat  flow  is  purely 
radial,  which  is  usually  a  reasonable  approximation  for  a  fiber-based  source.  Figure  1 1  shows 
calculated  values  for  (Ph/L)max  for  the  protmding  section  of  our  EYDF  as  a  function  of  the  heat 
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Figure  1 1 :  Heat  per  unit  length  (Pl/L)  versus  heat  transfer  coefficient  (h) 
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transfer  coefficient.  The  actual  value  for  the  heat  generated  per  unit  length  of  fiber  (Ph/L)  is 
given  by 


U J 


«PYhPp(z) 


(3) 


where  ap  is  the  pump  absorption  coefficient,  yh  is  the  fraction  of  absorbed  pump  light  converted 
to  heat  and  Pp(z)  is  the  pump  power  in  the  fiber  at  position  z.  If  we  assume  that  heat  is  generated 
by  quantum  defect  heating  (i.e.  yh=0.36),  then  for  the  single -ended  pumping  arrangement 
(Ph/L)~190Wm_1  at  the  input  end  of  the  fiber.  This  suggests  that  the  heat  transfer  coefficient  (h) 
must  be  >340 Wm'  K'  ,  otherwise  the  fiber  would  melt.  The  value  for  h  is  strongly  dependent  on 
the  operating  conditions.  Even  a  small  amount  of  forced-air  cooling  can  yield  a  much  higher 
value  for  h.  In  our  set-up,  the  end  of  the  fiber  was  cooled  using  a  fan.  A  further  improvement  in 
the  fibers  thermal  handling  capability  could  be  achieved  by  using  a  larger  diameter  fiber  with 
increased  surface  area  for  cooling,  or  by  using  an  undoped  end-cap  and  conduction  cooling  the 
active  (doped)  section  of  fiber. 


3.7  Prospects  for  further  power  scaling 

From  the  above  discussion  it  is  clear  that  there  is  still  a  great  deal  to  be  gained  in  terms  of  power 
scalability  by  improving  thermal  management.  In  addition,  higher  power  and  higher  brightness 
pump  sources  will  be  needed.  The  upper-limit  on  launched  pump  power  based  on  the  brightness 
of  an  individual  diode  emitter  for  a  perfect  pump  collection,  re-shaping  and  delivery  optical 
arrangement  (without  polarization  or  wavelength  multiplexing)  is  >4kW  for  a  400pm  diameter 
fiber.  This  is  far  beyond  the  current  state-of-the-art  and  the  launched  pump  power  in  our 
experiments,  so  there  is  plenty  scope  for  improvement.  Moreover,  we  also  believe  that  there  is 
still  scope  for  improvement  in  the  lasing  efficiency.  We  have  demonstrated  slope  efficiencies 
with  respect  to  absorbed  pump  power  >40%,  which  are  comparable  with  the  best  that  have  been 
reported  for  EYDFL’s,  but  this  is  still  somewhat  lower  than  the  quantum  limit.  Further 
optimization  of  the  Yb3+  and  Er3+  ion  concentrations,  and  the  core  composition  may  well  yield  a 
further  increase  in  efficiency  and  help  to  suppress  parasitic  lasing. 


4.0  Tm  FIBER  SOURCE 
4.1  Introduction 

Cladding-pumped  Tm-doped  fiber  lasers  operating  in  eye-safe  2pm  spectral  region  have 
attracted  enormous  interest  in  recent  years  owing  to  their  numerous  applications.  A  particular 
attraction  of  Tm-doped  fiber  lasers  is  the  very  broad  transition  linewidth  offering  the  prospect  of 
wide  tunability  over  the  ~1700-2100nm  regime.  Another  attractive  feature  of  Tm-doped  silica 
fibers  is  that  there  are  a  number  of  different  options  for  pump  sources  owing  to  absorption  bands 
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in  the  ~0.8pm,  ~l-1.3pm  and  ~l.5-l.6jam  wavelength  regimes  (see  Figs.  12  and  13).  There  is  a 
strong  absorption  line  at  ~  1.2pm,  corresponding  to  the  3H6  -  H5  transition,  but  this  wavelength 


Figure  12:  Pump  schemes  for  Tm3+  doped  fibers. 


is  rather  difficult  to  obtain.  The  wings  of  this  absorption  line  extend  to  ~lpm  and  ~  1.3pm 
making  Yb  or  Nd  lasers  candidate  pump  sources.  However,  the  absorption  is  relatively  weak  at 
these  wavelengths  and  is  further  complicated  by  the  presence  of  strong  excited-state  absorption 
(ESA)  at  ~lpm  (see  Fig.  14(a)).  As  a  result,  efforts  to  power  scale  Tm  fiber  lasers  by  pumping 
at  these  wavelengths  have  yielded  rather  low  efficiencies  and  low  output  power  [10-12], 


Figure  13:  Absorption  spectrum  for  Tm3+-doped  silica. 
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Tm  has  a  level  (  H5)  which  is  quasi-resonant  with  the  excited  Yb  level  F5/2,  allowing  for  the 
possibility  of  sensitization  of  Tm3+-doped  fibers  with  Yb3+.  In  a  Tm3+-Yb3+  co-doped  fiber,  Yb3+ 
ions  are  pumped  by  near-infrared  diodes  and  then  energy  is  transferred  non-radiatively  to  the 
Tm3+  ions,  which  can  then  emit  in  the  2pm  wavelength  range  (see  Fig.  15).  This  makes  it 
possible  to  use  commercially  available  high-power  pump  diodes  in  the  910-980nm  regime.  So 
far,  up  to  75W  (limited  by  fiber  damage)  has  been  generated  via  this  pumping  scheme,  but  with 
rather  low  slope  efficiencies  (~  32%  [13]),  due,  in  part,  to  relatively  high  quantum  defect  heating 
(-51%).  Hence,  power  scaling  via  this  approach  may  prove  rather  difficult.  At  the  time  this 
project  commenced,  direct  pumping  of  double-clad  Tm-doped  silica  fiber  lasers  with  diode  lasers 
at  -790  nm  had  yielded  output  power  up  to  14W  (limited  by  available  pump  power  [1]).  It  has 
been  shown  that  slope  efficiencies  beyond  the  Stokes  limit  (-39-40%)  can  be  achieved  in  Tm3+- 
doped  silica  fiber  lasers  by  using  a  high  Tm3+  concentration  to  promote  the  cross-relaxation 
process,  3H/t,  3H6  —*■  3F4,3F4  (see  Fig.  14  (b))  [14].  This  is  an  attractive  pumping  scheme  for 
power  scaling  owing  to  the  availability  of  high  power  diodes  and  the  prospect  of  very  high 
efficiencies,  but  the  low  brightness  of  the  diode  pump  sources  has  so  far  limited  operation  to 
wavelengths  >1850nm. 
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Figure  14:  Energy  levels  of  the  Tm3+  ion  in  silica. 


An  alternative,  and  more  promising,  approach  for  power  scaling  of  Tm  fiber  lasers  is  to  pump 
directly  into  the  upper  level  manifold  (3F4)  with  an  Er  fiber  laser  at  1.55-1. 62pm.  This  approach 
has  the  attraction  of  a  very  high  Stokes  efficiency  (-0.75-0. 85)  and  hence  low  quantum  defect 
heating,  opening  up  the  prospect  of  very  high  lasing  efficiencies.  Moreover,  the  good  beam 
quality  available  from  high -power  Er-doped  fiber  lasers  allows  direct  pumping  into  the  Tm- 
doped  fiber  core  leading  to  the  possibility  of  a  much  shorter  device  length.  This  is  crucial  for 
extending  the  tuning  range  of  Tm  fiber  lasers  to  the  shorter  wavelength  region.  Tm-doped  fibers 
with  low  output  power  (<20mW).  pumped  near  1.6  pm,  with  slope  efficiency  as  high  as  71  % 
(for  silica  fibers  [15])  and  84  %  (for  fluoride  fibers  [16])  have  been  reported  previously.  As  far 
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as  we  are  aware,  this  approach  for  power  scaling  of  Tm-doped  fiber  lasers  has  not  attracted  much 
interest,  perhaps,  because  it  requires  a  high  power  Er,Yb  fiber  source. 


Figure  1 5 :  Energy  level  diagram  of  Yb3+  and  Tm3+  ions  in  silica. 


4.2  Tm  fiber  design 

Tm-doped  fibers  with  two  different  sets  of  design  parameters  were  used  in  our  study.  One  was 
pulled  from  a  preform  (F95-HD510)  fabricated  in-house  using  the  standard  chemical-vapour 
deposition  and  solution-doping  technique.  The  resulting  perform  had  a  thulium  concentration  of 
-1.3%  by  weight.  To  improve  pump  absorption,  the  inner-cladding  was  shaped  to  break  the 
symmetry  of  the  fiber  (see  Fig.  16).  The  latter  was  achieved  by  milling  two  flats  inclined  at  28° 
with  respect  to  each  other  on  the  preform  prior  to  pulling  the  fiber.  The  resulting  fiber  had  a  Tm- 


Figure  16:  Double-clad  Tm-doped  silica  fiber. 

doped  alumino-silicate  core  of  diameter  of  20pm  with  a  numerical  aperture  (NA)  of  0.12,  and  an 
inner  cladding  of  outer  dimension  200pm.  The  latter  was  coated  with  a  low  refractive  index 
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(n=1.357)  polymer  outer-cladding  resulting  in  a  nominal  numerical  aperture  of  0.49  for  the 
inner-cladding  pump  guide.  In  practice,  the  effective  NA  of  the  inner-cladding  was  a  little  lower 
(~0.4).  The  relatively  small  inner  cladding  size  was  originally  chosen  to  minimize  the  cladding- 
to-core  area  ratio  to  maximise  pump  absorption,  while  allowing  efficient  in-coupling  of  the  diode 
pump  light  at  ~790nm.  The  small  cladding-to-core  area  ratio  (<100)  is  also  beneficial  for 
1.57pm  (in-band)  pumping  since  the  absorption  coefficient  at  this  wavelength  is  lower  than  at 
~790nm.  The  effective  absorption  coefficient  (i.e.  for  cladding-pumping)  at  790nm  for  this  fiber 
was  estimated  (via  a  cut-back  measurement)  to  be  ~4dB/m  (see  Fig.  13).  A  second  Tm-doped 
fiber  was  also  used  in  our  study.  This  fiber  had  an  18pm  diameter  (0.24  NA)  alumino-silicate 
core  with  a  very  high  Tm  doping  level  of  ~2.2wt%.  The  core  was  surrounded  by  a  D-shaped 
pure  silica  inner-cladding  of  diameter  ~300pm  with  a  polymer  outer-cladding  and  an  effective 
NA  of  -0.3.  The  high  Tm3+  concentration  was  used  to  promote  ‘two-for-one’  cross-relaxation  in 
order  to  increase  the  pumping  quantum  efficiency  when  pumping  at  ~0.8pm.  In  addition  a  high 
Al3+/Tm3+  ion  concentration  ratio  of  -8  was  employed  to  reduce  the  degree  of  ion  clustering  and 
hence  ensure  efficient  operation.  The  effective  absorption  coefficient  at  790nm  for  this  fiber  was 
determined  to  be  ~6dB/m.  A  further  attraction  of  using  a  high  Tm3+  concentration  is  that  it 
allows  efficient  pump  absorption  in  a  short  length  of  fiber,  thereby  reducing  the  core  background 
propagation  loss  and  increasing  the  threshold  for  unwanted  nonlinear  loss  processes. 


4.3  Pumping  geometries:  Cladding  versus  core  pumping 

Cladding-pumping  of  fiber  lasers  and  amplifiers  is  now  a  very  well  established  technique  for 
scaling  fiber  output  powers  with  high  power,  but  low  brightness  diode  pump  sources.  In  a 
cladding-pumped  fiber  configuration,  the  effective  pump  absorption  coefficient  is  roughly  equal 
to  the  absorption  coefficient  in  the  core  divided  by  the  ratio  if  the  inner-cladding  area  to  core 
area.  Thus,  the  absorption  coefficient  in  a  double-clad  fiber  is  many  times  smaller  that  for  pump 
light  in  the  core.  As  a  result,  the  length  of  fiber  required  for  efficient  pump  absorption  in  a 
cladding-pumped  scheme  is  typically  rather  long.  As  fiber  power  levels  rise,  the  need  for  larger 
inner-cladding  sizes  to  accommodate  more  pump  power  results  in  a  further  reduction  in  the 
absorption  coefficient,  and  hence  even  longer  fiber  are  needed.  This  pushes  the  gain  spectmm  to 
longer  wavelengths  and  makes  it  increasing  difficult  to  force  the  laser  to  operate  at  short 
wavelengths.  In  contrast,  core  pumping  provides  much  more  flexibility  and  access  to  much 
shorter  operating  wavelengths  by  virtue  of  the  much  stronger  pump  absorption.  However,  core 
pumping  does  require  a  much  higher  brightness  pump  source.  Tm-doped  silica  fiber  lasers  can 
be  pumped  by  high  power  Er,Yb  fiber  sources  in  either  cladding  or  core-pumped  configurations. 
Figure  17  shows  a  typical  lasing  spectrum  of  a  free-mnning  cladding-pumped  Er,Yb  fiber  lasers 
together  with  the  effective  absorption  coefficient  versus  wavelength  (i.e.  for  cladding  pumping) 
in  the  Tm-doped  fiber  pulled  from  preform  F95-HD510.  It  can  be  seen  that  the  absorption 
maxima  is  at  ~1630nm  and  hence  is  a  little  beyond  the  maximum  operating  wavelength  of  an 
EYDFL.  However,  the  effective  absorption  coefficient  is  still  relatively  high  (~1.7dB/m)  at  the 
EYDFL  operating  wavelength  (~1.56pm).  This  is  only  a  factor-of-two  smaller  than  pump  light 
at  ~790nm.  Thus,  cladding-pumping  at  ~1.56pm  should  be  very  efficient.  It  is  worth  pointing 
out  that  the  beam  quality  from  the  EYDFL  is  far  superior  to  that  of  a  high  power  laser  diode,  so  a 
much  smaller  cladding  size  could  be  employed  with  obvious  benefits  to  laser  performance. 
From  Figure  17  we  estimate  that  the  core  absorption  coefficient  in  the  Tm  doped  fiber  at  the 
EYDFL  operating  wavelength  is  ~170dB/m.  If  ground-state  depletion  is  neglected,  this  would 
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suggest  that  the  length  of  fiber  required  in  a  typical  core -pumped  laser  (using  the  same  Tm  fiber 
composition)  could  be  ~5cm.  However,  such  a  laser  would  probably  need  very  efficient  heat¬ 
sinking  to  prevent  damage  at  high  pump  powers. 
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Figure  17:  Effective  absorption  coefficient  for  Tm  fiber  (from  F95-HD510)  and  output  spectrum  of  the 
EYDFL. 


4.4  Cladding -pumped  Tm  fiber  lasers:  790nm  versus  1565nm  pumping 
(a)  Pumping  at  790nm 

The  low  doping  level  Tm  fiber  from  preform  F95-HD510  (fiber  (A))  was  first  tested  by  pumping 
with  two  beam-shaped  diode -bar  pump  sources  at  790nm.  These  provided  pump  powers  of  25W 
and  30W  in  beams  with  roughly  equal  M  parameters  in  orthogonal  planes  (i.e.  Mx  ~My  ~70). 
The  fiber  laser  was  pumped  through  opposite  ends  using  dichroic  mirrors  (Ml,  M2),  with  high 
reflectivity  at  the  pump  wavelength  (785-795nm)  and  high  transmission  at  the  lasing  wavelength 
(1850-2100nm)  at  45°,  to  separate  pump  and  signal  beams  (see  Fig.  18).  This  arrangement 
allows  the  use  of  different  lenses  for  collimating  the  fiber  laser  output  and  focusing  the  pump, 
and  hence  has  the  advantage  that  the  resonator  alignment  and  pump  launching  optics  can  be 
independently  optimised.  With  the  above  setup,  -80%  of  the  incident  pump  power  was  launched 
into  the  fiber.  A  relatively  simple  fiber  laser  configuration  was  employed  consisting  of  a  -4. 7m 
length  of  Tm  fiber  with  feedback  for  lasing  provided  by  an  external  cavity  comprising 
antireflection  coated  25mm  focal  length  collimating  lens  and  a  plane  mirror  with  high  reflectivity 
(>99.5%)  at  1800-2100nm  and  high  transmission  (>95%)  at  780-800nm,  at  one  end  of  the  fiber 
and,  at  the  opposite  (out-coupling)  end  of  the  fiber,  by  the  -3.6%  Fresnel  reflection  from  a 
perpendicularly-cleaved  fiber  end-facet.  The  fiber-end  nearest  the  external  cavity  was  angle- 
polished  at  8°  to  suppress  broadband  feedback  from  the  uncoated  face  so  that  the  set-up  could 
easily  be  modified  for  tunable  operation.  Wavelength  tuning  was  achieved  by  replacing  the  high 
reflection  mirror  in  the  external  cavity  with  a  simple  diffraction  grating  with  600  lines/mm 
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aligned  in  the  Littrow  configuration  to  provide  wavelength  selective  feedback.  The  grating  was 
blazed  at  wavelength  of  1.9pm  and  had  measured  reflectivities  of  90%  (for  light  polarised 
perpendicular  to  the  grooves)  and  70%  (for  light  polarised  parallel  to  the  grooves)  at  2pm.  A 
longer  fiber  (~4.7m)  than  would  be  optimum  was  used  to  ensure  that  negligible  pump  light  was 
transmitted  by  the  fiber  as  a  precaution  against  damage  to  opposing  diodes. 


Tnrfiber 


Figure  18:  Schematic  diagram  of  the  Tm  fiber  laser  cladding-pumped  by  790nm  diode-bars 

For  free  running  operation  (i.e.  with  no  wavelength  selection)  the  threshold  pump  power  incident 
on  the  pump  focussing  lens  was  measured  as  -7.5W  (~6W  launched),  and  at  the  maximum 
available  incident  pump  power  of  55W  (corresponding  to  ~44W  launched)  the  fiber  laser 
produced  a  maximum  output  power  11.4W  at  ~1925nm  (see  Fig.  19)  corresponding  to  an 
average  slope  efficiency  with  respect  to  launched  pump  power  of  -30%.  At  the  highest  pump 
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Figure  19:  Tm-fiber  laser  output  versus  launched  pump  power  at  790nm. 
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powers  the  slope  efficiency  increases  to  -36%.  This  suggests  that  by  using  higher  power  diode- 
bars,  it  should  be  possible  to  achieve  a  significant  increase  in  optical-to-optical  efficiency  as  well 
as  higher  output  power.  By  taking  into  account  the  effect  of  spherical  aberration  on  beam 
quality,  we  estimate  that  M2~l  .4  for  the  fiber  output  (i.e.  before  the  collimating  lens).  The  use  of 
aberration-corrected  lenses  should  improve  the  beam  quality  and,  in  addition,  may  help  to 
improve  performance  and  extend  the  wavelength  tuning  range  by  increasing  the  feedback 
efficiency  of  the  external  cavity.  When  the  high  reflectivity  mirror  in  the  external  cavity  was 
replaced  by  the  diffraction  grating,  a  slightly  lower  output  of  10.3W  was  obtained  at  -44W  of 
launched  pump  power  (see  Fig.  19).  The  lasing  wavelength  could  be  tuned,  by  a  simply 
adjusting  the  grating  angle,  over  215nm  from  1855  to  2070nm  at  multi-watt  power  levels,  and 
over  150nm  from  -I860  to  2010nm  at  output  power  levels  in  excess  of  9W  (see  Fig.  20).  The 
bandwidth  of  the  tunable  laser  output  (FWHM)  was  -lnm. 


1850  1900  1950  2000  2050 
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Figure  20:  Tunable  Tm  fiber  laser  output  power  versus  operating  wavelength. 


Cladding-pumping  of  the  high-doping  level  Tm  fiber  (fiber  B)  with  790nm  diodes  was  also 
investigated.  A  schematic  diagram  of  the  laser  configuration  is  shown  in  Fig.  21 .  A  very  simple 
resonator  configuration  was  employed  with  feedback  for  lasing  provided  by  a  plane  mirror  with 
high  reflectivity  (>99%)  at  1850-2100nm  and  high  transmission  at  the  pump  wavelength  (T  > 
97%  at  790nm)  butted  to  one  end  of  the  fiber,  and  by  the  3.6%  Fresnel  reflection  from  a 
perpendicularly-cleaved  facet  at  the  opposite  end  of  the  fiber.  The  latter  served  as  the  output 
coupler  with  its  high  transmission  dominating  over  other  cavity  losses.  The  two  diode -bars  were 
polarization-combined  and  the  resulting  beam  was  re-formatted  with  the  aid  of  a  two-mirror 
beam-shaper,  to  produce  a  beam  with  beam  propagation  factors  in  orthogonal  planes  of  Mx  ~  80 
(parallel  to  the  array)  and  My2  ~  52  (perpendicular  to  the  array)  and  a  maximum  power  of  -52W 
at  790nm.  The  pump  light  was  coupled  into  the  output  end  of  the  Tm-doped  fiber  using  a  30mm 
aspheric  focusing  lens,  and  a  dichroic  mirror  with  high  reflectivity  (>98%)  at  790nm  and  high 
transmission  (>97%)  at  1800-2100nm  at  45°  was  used  to  allow  extraction  of  the  two-micron 
fiber  laser  output.  Using  this  arrangement,  a  maximum  combined  pump  power  of  44W  was 
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Figure  21:  Tm-doped  silica  fiber  laser  set-up  with  single-ended  pumping. 

launched  into  the  fiber  corresponding  to  a  launch  efficiency  of  85%.  The  unabsorbed  790nm 
pump  light  was  monitored  at  the  other  end  of  the  fiber.  The  output  power  as  a  function  of  both 
launched  and  absorbed  pump  power  is  plotted  in  Fig.  22.  The  best  performance  in  terms  of 
output  power  and  slope  efficiency  was  obtained  from  the  2.2m  length  of  fiber.  This  produced  a 
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Figure  22:  Tm  fiber  output  power  versus  pump  power  for  0.6m  (circle),  2.2m  (triangle)  and  3.5m  (square) 
fiber  lengths.  Data  plotted  in  filled  and  open  symbols  are  with  respect  to  launched  and  absorbed 
pump  power  respectively. 

maximum  output  power  of  23. 9 W  at  2025nm  for  an  incident  pump  power  of  44. 1W, 
corresponding  to  a  slope  efficiency  with  respect  to  launched  and  absorbed  pump  power  of  61.1% 
and  65.2%  respectively.  A  slightly  lower  output  power  of  21.6  W  at  2042  nm  was  generated  for 
the  same  launched  pump  power  from  the  3.5m  fiber  with  lower  slope  efficiency  and  an  increased 
threshold  due  to  increased  re -absorption  loss  and  higher  background  propagation  loss  in  the  core 
(see  Table  1).  The  0.6m  Tm  fiber  yielded  a  slope  efficiency  with  respect  to  absorbed  pump 
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power  of  62.8%,  which  is  a  little  lower  than  expected.  This  is  believed  to  be  due  to  slightly 
higher  cavity  loss  resulting  from  an  imperfect  fiber  end-facet. 


Fiber  length 

X 

Slope  efficiency  (%) 

Pth 

Pout 

(m) 

(nm) 

Wit  Piaunch 

wrt  Pabs 

(W) 

(W) 

0.6 

1990 

37.0 

62.8 

3.0 

14.6 

2.2 

2025 

61.1 

65.2 

4.9 

23.9 

3.5 

2042 

56.5 

57.8 

5.7 

21.6 

Table  1 .  Summary  of  the  Tm  fiber  laser  performance  versus  fiber  length 


(b)  Pumping  at  1565nm 

Cladding-pumping  of  Tm  fiber  (A)  with  the  1.565pm  Er,Yb  fiber  laser  was  also  investigated. 
The  effective  absorption  coefficient  for  cladding  pumping  at  1565nm  was  measured  (via  a  cut¬ 
back  measurement)  to  be  ~1.7dB/m.  Schematic  diagrams  of  cladding-pumped  Tm  fiber 
configurations  used  in  this  study  are  shown  in  Fig.  23.  Pump  light  at  1565nm  laser  from  the 
EYDFL  was  launched  into  the  Tm  fiber  using  a  50mm  focal  length  lens  anti-reflection  coated  at 
~1 .5p.m.  The  launch  efficiency  was  estimated  to  be  ~  86%.  Both  end  sections  of  the  fiber  were 
mounted  in  water-cooled  V-groove  heat-sinks  to  prevent  possible  thermal  damage  to  the  fiber 
coating  by  pump  power  which  overfills  the  inner-cladding  NA,  and  by  heat  generated  in  the  core 
due  to  quantum  defect  heating.  The  laser  cavity  for  free-running  operation  (shown  in  Fig.  23(a)) 


HR@1 860-21 80nm 


(b) 


Figure  23:  Schematic  diagram  of  Tm  fiber  laser  cladding-pumped  by  a  1565nm  EYDFL  (a)  free-running 
operation;  (b)  tunable  operation. 
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was  formed  between  the  perpendicularly-cleaved  fiber  end-facet  at  the  pump  launch  end  of  the 
fiber  (which  also  served  as  the  output  coupler),  and,  at  the  opposite  end  of  the  fiber,  by  a  simple 
external  cavity  comprising  a  plane  dichroic  mirror  with  high  reflectivity  from  1660nm  to 
2180nm  and  high  transmission  at  1530-1600nm  (>92%),  and  50mm  focal  length  antireflection 
coated  collimating  and  focusing  lenses.  The  laser  output  power  characteristics  for  8m,  5m  and 
2.6m  fiber  lengths  are  shown  in  Fig  24.  The  laser  reached  threshold  at  a  launched  pump  power 


Pump  power  (W) 


Figure  24:  Tm  fiber  output  power  versus  pump  power  for  2.6m  (square),  5m  (circle)  and  8m  (triangle) 
fibers.  Data  plotted  in  filled  and  open  symbols  are  with  respect  to  absorbed  and  launched  pump 
power  respectively. 

of  3.1W  for  the  5m  fiber  and  produced  an  output  power  of  19.2W  at  1991nm  for  a  launched 
pump  power  of  38.2W.  The  unabsorbed  1565nm  pump  light  was  measured  to  ~  6.7W  at  the 
highest  pump  power  of  38.2W  and  the  slope  efficiency  with  respect  to  the  absorbed  pump  power 
was  ~  69%.  A  lower  output  power  of  15W  was  obtained  at  1977nm  for  the  2.6m  fiber  due  to 
less  pump  absorption.  The  unabsorbed  pump  power  was  reached  14W  for  38W  of  launched 
pump  power  and  the  slope  efficiency  with  respect  to  absorbed  pump  power  was  -72%.  This 
compares  favourably  with  the  upper  limit  of  -79%  determined  by  the  Stoke  efficiency.  Laser 
performance  in  terms  of  maximum  output  power,  slope  efficiency,  unabsorbed  pump  power,  etc 
are  summarized  in  Table  2.  It  can  be  seen  from  Fig.  24  for  all  fiber  lengths  that  there  is  no 
evidence  of  any  detrimental  thermal  effects,  suggesting  that  there  is  plenty  of  scope  for  further 
power  scaling. 

Wavelength  tuning  was  achieved  by  modifying  the  external  cavity  design  to  include  an 
antireflection-coated  (T>98%  at  2  pm)  Inffasil  plano-convex  collimating  lens  of  focal  length, 
25mm,  and  a  simple  diffraction  grating  with  600  lines/mm  in  the  Littrow  configuration  to 
provide  wavelength  selective  feedback,  as  shown  in  Fig.  23(b).  In  these  experiments  a  shorter 
length  of  fiber  (~2.5m)  was  employed  and  the  unabsorbed  pump  light  after  a  single-pass  was 
retro-reflected,  by  an  additional  plane  mirror  with  high  reflectivity  at  1500-1650nm  and  a  70mm 
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focal  length  focusing  lens  with  high  transmission  at  1.5  pm,  to  improve  the  pump  absorption 
efficiency.  It  was  estimated  that,  with  this  setup,  -65%  of  the  unabsorbed  pump  power  in  the 
first-pass  was  re-launched  into  the  fiber  for  a  second-pass.  The  fiber-end  nearest  the  grating  was 
angle-polished  at  -8°  to  suppress  broadband  feedback  from  the  uncoated  face  that  might 
otherwise  compete  with  the  wavelength-dependent  feedback  provided  by  the  grating  and  thus 


Fiber  length 

X 

Slope  efficiency  (%) 

Pth 

Unabsorbed 

Pout 

(m) 

(nm) 

Wit  Paunch 

wrt  Pabs 

(W) 

Power  (W) 

(W) 

2.6 

1977 

46 

72 

3.3 

14.3 

15.0 

5 

1991 

56 

69 

3.1 

6.7 

19.2 

8 

2006 

52 

58 

2.9 

3.8 

17.2 

Table  2:  Summary  of  the  laser  performance  for  2.6m,  5m  and  8m  fibers  cladding-pumped  by  an  Er,Yb  fiber 
laser. 


restrict  the  tuning  range.  The  external  cavity  in  Fig.  23  (b)  was  first  optimized  for  free-running 
operation  by  aligning  the  2pm  plane  high  reflectivity  mirror  perpendicular  to  the  collimated 
beam  from  the  fiber  end  and  retro-reflecting  the  beam  into  the  fiber.  With  this  two-pass  pump 
absorption  scheme,  the  maximum  output  power  was  -19W  for  38. 2W  of  launched  pump  power. 
This  is  comparable  to  the  maximum  power  generated  from  the  5  m  fiber  for  the  laser 
configuration  shown  in  Fig.  23(a).  The  corresponding  slope  efficiency  with  respect  to  launched 
pump  power  was  -  55%.  Tilting  the  2pm  high  reflecting  mirror  at  a  small  angle  (~  10°)  and 
placing  the  grating  in  the  beam  resulted  in  a  slightly  lower  maximum  power  of  17.4W  at  1941nm 
with  a  corresponding  slope  efficiency  of  50%  (see  inset  of  Fig.  25).  The  threshold  pump  power 
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Figure  25:  Tunable  Tm  fiber  laser  output  power  versus  operating  wavelength  for  2.6m  fiber.  Inset:  Output 
power  at  1941  nm  versus  launched  pump  power. 
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was  ~3W  (launched).  The  lasing  wavelength  could  be  tuned  over  202nm  from  1859  to  206 lnm 
and  the  output  power  exceeded  15W  over  a  tuning  range  of  150nm  from  ~  1875  to  2025nm  (see 
Fig.  25).  The  output  linewidth  (FWHM)  was  <0.5nm.  The  power  stability  of  the  laser  output 
was  monitored  with  a  high  speed  InGaAs  detector.  There  was  no  self-pulsing  observed  and  the 
short-term  stability  was  measured  to  be  <0.9%  (RMS)  on  a  time  scale  of  10ms  for  operating 
wavelengths  <2010  nm.  The  laser  became  noisier  at  longer  wavelengths,  the  short-term  stability 
was  ~  2%  at  2025nm  and  the  output  signal  shown  regular  pulsing  at  -205 lnm  at  a  repetition  rate 
of  -3.6  kHz  with  amplitude  fluctuations  of  -  45%  (see  Fig.  26). 
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Figure  26:  Time  evolution  of  the  Tm  fiber  laser  output 


There  is  clearly  a  great  deal  of  scope  for  improving  the  design  of  the  Tm-doped  fiber.  For 
example,  the  inner-cladding  diameter  could  be  reduced  by  over  a  factor-of-two  leading  to  a  much 
shorter  device  length,  without  reducing  the  pump  launch  efficiency.  In  fact,  it  should  be  possible 
to  focus  the  multimode  EYDFL  to  a  beam  diameter  of  <20pm,  so  the  alignment  tolerances  for 
the  pump  optics  and  TFL  should  be  very  relaxed.  This  would  also  allow  for  pumping  with  the 
spatially-multiplexed  beams  from  multiple  EYDFLs  as  one  possible  route  for  further  power 
scaling. 


4.5  Core  pumped  Tm  fiber  laser 

We  have  also  investigated  core -pumped  Tm  fiber  laser  configurations.  In  this  study,  a  much 
shorter  length  of  Tm  fiber  (~24cm)  was  employed  due  to  the  high  core-absorption  (~170dB/m). 
Pump  light  was  launched  into  the  core  of  a  24cm  length  of  fiber  (A)  using  a  25  mm  focal  length 
lens  (see  Fig.  27)  with  high  transmission(>98%)  at  2pm  and  a  transmission  of  91%  at  the  pump 
wavelength  of  1.565pm.  Feedback  for  laser  oscillation  was  provided  by  the  3.6%  Fresnel 
reflection  from  the  perpendicularly-cleaved  fiber  end  facet  at  the  pump  launch  end  of  the  fiber 
(which  as  served  as  the  output  coupler),  and,  at  the  opposite  end,  by  a  dichroic  mirror  with  high 
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Figure  1:  Schematic  diagram  of  the  Tm  fiber  laser  core-pumped  by  an  1565nm  Er,Yb  fiber  laser,  ((a) 
Free-running  operation;  (b)  Tunable  operation). 


reflectivity  at  1660-1980nm  (>99.8%)  and  high  transmission  at  1530-1570nm  (>80%)  butted 
directly  to  the  fiber  end.  A  dichroic  mirror  with  the  same  coating  was  used  to  extract  the  output 
from  the  pump  beam  at  the  pump  launch  end.  In  view  of  the  very  strong  pump  absorption  in  the 
core,  the  length  of  bare  fiber  protruding  from  the  heat-sink  at  the  pump  input  end  was  kept  very 
short  (<4mm)  to  minimise  the  risk  of  damage.  The  remainder  of  the  fiber  (i.e.  with  polymer 
outer  coating)  was  carefully  mounted  in  a  water-cooled  heat-sink  to  ensure  efficient  cooling. 
The  unabsorbed  pump  power  was  monitored  during  the  experiments.  For  the  non-tunable  cavity 
configuration  as  shown  in  Fig.  27(a),  a  maximum  output  power  of  12. 1W  at  1861nm  was 
generated  for  23. 1W  absorbed  pump  power  (see  Fig.  28)  with  corresponding  slope  efficiency 
with  respect  to  the  absorbed  pump  power  of  58.6%.  The  threshold  pump  power  (absorbed)  was 
~  2.5W.  It  can  be  seen  from  that  the  laser  output  power  increases  in  a  linear  fashion  with  respect 
to  pump  power  up  to  the  highest  power  in  spite  of  the  high  pump  deposition  density.  This 
implies  that  the  maximum  output  power  was  limited  mainly  by  the  available  pump  power  and 
not  by  thermal  effects.  We  attribute  this  to  both  the  low  quantum  defect  heating  and  the  efficient 
cooling  arrangement  employed.  It  is  worth  noticing  that,  with  the  pump  launching  scheme  used 
in  this  experiment,  only  ~  55%  of  pump  power  that  is  incident  on  the  fiber  end  facet  was  coupled 
directly  into  the  core.  The  remainder  was  launched  into  the  inner-cladding,  but  contributes  little 
to  the  total  absorbed  pump  power  due  to  the  much  lower  absorption  coefficient  for  cladding 
pumping. 
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Figure  28:  Output  power  of  24-cm  core-pumped  Tm  fiber  laser  versus  absorbed  pump  power  at  1565  nm. 


For  the  tunable  operation,  an  external  cavity  configuration  was  employed,  as  shown  in  Fig. 
27(b),  comprising  the  same  diffraction  grating  as  in  cladding-pump  Tm  fiber  laser  experiments. 
A  dichroic  mirror  with  high  reflectivity  (>99.8%)  at  1.66-1. 98pm  and  high  transmission  (>80%) 
at  1.53-1. 57pm  was  used  to  separate  the  2pm  signal  and  the  unabsorbed  pump  light  in  the 
external  cavity.  With  this  cavity  configuration,  we  obtained  up  to  8.4W  of  output  at  1827nm 
with  a  threshold  of  2.7W  (absorbed),  and  a  slope  efficiency  of  46%  with  respect  to  absorbed 
pump  power  (see  inset  of  Fig.  29).  The  operating  wavelength  was  tunable  over  250  nm  from 
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Figure  29:  Tunable  laser  output  power  versus  operating  wavelength  (Inset:  Output  power  at  1827nm 
versus  absorbed  1565nmpump  power). 
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1723-1973  nm  (see  Fig.  29).  Hence  the  overall  tuning  range  for  core  and  cladding-pumped  laser 
configurations  extends  over  338nm  from  1723  to  206 lnm.  To  the  best  of  our  knowledge  this 
represents  the  broadest  tuning  range  and  shortest  operating  wavelength  achieved  from  a  high- 
power  Tm-doped  silica  fiber  laser  reported  to  date.  The  output  signal  was  monitored  with  a 
high-speed  photo-detector  during  the  whole  experiment  and  no  self-pulsing  was  observed  over 
the  whole  250nm  tuning  range  at  all  power  levels.  The  short-term  stability  was  verified  to  be 
<1%  (RMS)  for  all  operating  wavelengths.  Further  details  of  this  work  can  be  found  in 
Appendix  A2  and  in  the  publication  [4]  listed  at  the  end  of  this  report. 


4.6  Q-switched  operation  of  a  Tm  fiber  laser 

For  many  applications  it  is  necessary  to  operate  lasers  in  a  pulsed  mode.  Pulsed  (Q-switched) 
operation  of  a  core-pumped  Tm  fiber  laser  was  recently  demonstrated  using  a  Nd:YAG  laser 
operating  at  ~  1.3pm  as  the  pump  source  [17,18],  Pulses  of  peak  power,  4.1kW  and  pulse 
duration,  150ns  were  generated.  However,  Tm  fiber  lasers  pumped  at  this  wavelength  band  (i.e. 
3H6  -  3Hs)  are  limited  to  relatively  low  slope  efficiencies.  In  this  section,  we  described  the  results 
of  a  preliminary  study  into  Q-switched  operation  of  cladding-pumped  Tm  fiber  lasers.  In  this 
study  we  made  use  of  Tm  fiber  (B)  and  a  two  792nm  diode-bar  pump  sources.  The  absorption 
coefficient  at  792nm  for  this  fiber  is  ~6dB/m  and  so  a  relatively  short  length  of  fiber  (~1.9m) 
was  used  in  our  experiments.  The  two  diodes  were  polarization-combined  and  the  resulting 
beam  was  re-formatted  with  the  aid  of  a  two-mirror  beam-shaper,  to  produce  a  beam  with  beam 
propagation  factors  in  orthogonal  planes  of  Mx  ~8()  (parallel  to  the  array)  and  My  ~52 
(perpendicular  to  the  array)  and  a  maximum  power  of  -52  W  at  790nm.  A  schematic  diagram  of 
the  laser  configuration  used  in  our  experiments  is  shown  in  Fig.  30.  The  laser  cavity  was  formed 
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Figure  30:  Schematic  diagram  of  the  cladding-pumped  Tm  fiber  laser  set-up  for  Q-switched  operation.  (EO: 
electro-optic  modulator;  PL,  polarizer). 

between  the  perpendicularly-cleaved  fiber  end-facet  at  the  pump  launch  end  of  the  fiber  (which 
also  served  as  the  output  coupler),  and,  at  the  opposite  fiber  end,  by  a  simple  external  cavity 
comprising  a  plane  dichroic  mirror  with  high  reflectivity  (>99%)  from  1800nm  to  2100nm  and 
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high  transmission  the  pump  wavelength  (T  >  97%  at  792nm),  and  a  25  mm  focal  length 
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Figure  30:  Schematic  diagram  of  the  cladding-pumped  Tm  fiber  laser  set-up  for  Q-switched  operation. 

(EO:  electro-optic  modulator;  PL,  polarizer). 

antireflection  coated  collimating  lens.  The  fiber-end  in  the  external  cavity  was  angle-polished  at 
~  14°  to  suppress  broadband  feedback  from  the  uncoated  face.  The  distance  between  the 
polished  fiber  end  and  the  2pm  high-reflection  mirror  was  ~27cm.  Pump  light  was  coupled  into 
the  output  end  of  the  Tm-doped  fiber  using  a  30mm  aspheric  focusing  lens,  and  a  dichroic  mirror 
with  high  reflectivity  (>98%)  at  792nm  and  high  transmission  (>97%)  at  1800-2100nm  at  45° 
was  used  to  allow  extraction  of  the  two-micron  fiber  laser  output.  Using  this  arrangement,  the 
launching  efficiency  into  the  fiber  was  estimated  to  be  -85%.  The  unabsorbed  792nm  pump 
light  was  reflected  out  of  the  laser  resonator  with  an  identical  dichroic  at  the  other  end  of  the 
fiber.  Q-switched  operation  was  achieved  by  incorporating  a  rubidium  titanyl  phosphate  (RTP) 
Pockels  cell  (with  a  4mm  aperture  and  a  half-wave  voltage  of  0.7  kV  at  632. 8nm)  and  a  multi¬ 
plate  polarizer  composed  of  four  ZnSe  plates  at  Brewster’s  angle.  In  the  experiment,  the  quarter- 
wave  voltage  (~0.35kV)  was  applied  to  the  Pockels  cell  (EOM)  to  prevent  optical  feedback  to 
the  fiber  as  required  for  Q-switching.  To  estimate  the  impact  of  the  insertion  loss  induced  by  the 
EOM  and  multi-plate  polariser,  the  output  power  for  CW  operation  was  measured  before  and 
after  insertion  of  these  optical  components.  The  laser  generated  an  output  power  of  9.3W  for 
-24W  of  launched  pump  power  with  corresponding  slope  efficiency  with  respect  to  launched 
pump  power  of  49.2%  without  the  EOM  and  polariser.  The  laser  output  power  and  slope 
efficiency  reduced  to  8.5W  and  44.9%  with  the  polariser  incorporated,  and  to  8W  and  42.8% 
with  both  the  polariser  and  EOM  inserted  into  the  cavity. 

The  laser  was  operated  at  pulse  repetition  frequencies  (PRF)  of  0.7  -  20kHz  and  stable  pulses 
were  generated  for  a  launched  pump  power  of  9.6W.  The  position  and  orientation  of  the 
polariser  and  the  electro-optic  modulator  was  first  carefully  optimized  to  ensure  efficient  output 
and  to  prevent  pre -lasing  and  post-lasing  to  maximise  the  output  pulse  energies.  The  average 
output  and  pulse  energy  as  a  function  of  repetition  rate  are  shown  in  Fig.  31.  Figure  32  shows 
the  dependency  of  peak  power  and  pulse  duration  (FWHM)  on  the  repetition  rate.  An  average 
output  of  1.78W  was  generated  for  a  PRF  of  20kHz  with  a  pulse  duration  of  ~200ns, 
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Figure  3 1 :  Pulse  energy  and  average  power  versus  repetition  rate. 


corresponding  to  a  pulse  energy  of  0.08  mJ  and  a  peak  power  of  0.4  kW.  For  a  repetition  rate  of 
700  Hz,  the  average  output  power  was  0.4W  and  the  pulse  duration  was  110ns,  corresponding  to 
a  pulse  energy  of  0.57mJ  and  a  peak  power  of  ~5.2kW.  It  was  found  that  high  cleaving  quality 
of  the  fiber  end  is  very  important  in  Q-switched  operation,  otherwise  the  fiber  end  was 
susceptible  to  damage  due  to  the  high  intensity.  Tunable  Q-switched  operation  was 
demonstrated  by  replacing  the  2pm  high  reflectivity  mirror  (Fig.  30)  with  a  simple  diffraction 
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Figure  32:  Peak  power  and  pulse  duration  versus  pulse  repetition  frequency. 

grating  (as  described  in  section  4.4)  with  600  lines/mm  in  the  Littrow  configuration  to  provide 
wavelength  selective  feedback.  For  a  launched  pump  power  of  ~7W,  the  laser  generated  an 
average  output  of  280mW  at  0.7  kHz  PRF  with  a  pulse  duration  of  120ns.  The  corresponding 
pulse  energy  and  peak  power  were  0.41mJ  and  3.4kW  respectively.  The  operating  wavelength 
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was  tunable  over  a  range  of  154nm  from  1935nm  to  2089nm.  The  use  of  higher  pump  power 
and/or  lower  PRF’s  would  in  principle  yield  higher  pulse  energies,  but  may  limited  by  onset  of 
pre-lasing,  post-lasing  and  amplified  spontaneous  emission  (ASE).  Further  scaling  in  output 
pulse  energy  would  require  further  optimization  of  both  the  Tm  fiber  design  and  laser  resonator 
design. 


4.7  Summary  and  future  prospects 

We  have  demonstrated  efficient  operation  of  Tm  fiber  lasers  in  both  cladding-pumped  and  core- 
pumped  laser  configurations  in-band  pumped  by  an  Er,Yb  fiber  at  1565nm.  We  have  also 
presented  the  results  of  a  preliminary  study  aimed  at  improving  the  efficiency  of  Tm  fiber  lasers 
pumped  at  0.8pm.  The  results  presented  in  this  report  demonstrate  two  main  advantages  of  in- 
band  pumping  over  other  pumping  schemes.  The  first  is  that  very  high  lasing  efficiencies  can  be 
achieved  and,  as  a  result  of  the  low  quantum  defect  heating,  it  should  be  possible  to  scale  to 
much  higher  power  levels.  The  second  advantage  of  this  approach  is  that  there  is  a  great  deal  of 
flexibility  in  the  fiber  design  and  the  operating  wavelength.  The  latter  is  mainly  due  to  the 
relatively  good  beam  quality  for  Er,Yb  fiber  sources,  which  allows  the  use  of  core -pumped  (or 
close-area-ratio  cladding-pumped)  fiber  configurations.  In  this  preliminary  study  we  have 
obtained  output  powers  up  to  19.2W  at  1991nm  from  a  cladding-pumped  laser  configuration  for 
-38.2W  of  launched  pump  power  at  1565nm  and  slope  efficiencies  with  respect  to  absorbed 
pump  power  up  to  72%.  Slightly  lower  efficiencies  for  longer  fibers  indicate  the  inner-cladding 
guide  loss  for  the  pump  and/or  the  core  propagation  loss  for  laser  light  have  detrimental  impact 
on  performance.  Thus,  further  work  on  the  Tm  fiber  design  to  reduce  cladding/core  loss  is 
needed.  One  way  to  remedy  this  problem  would  be  to  use  a  fiber  design  with  a  smaller  inner- 
cladding-to-core  area  ratio,  since  this  would  allow  the  use  of  shorter  fiber  lengths  with  lower  loss. 
For  core-pumped  laser  configurations,  very  short  fiber  lengths  can  be  employed.  In  a  simple 
demonstration  of  a  core -pumped  device  with  a  24cm  long  fiber,  we  obtained  up  to  12.1W  of 
output  at  1851nm  for  23. 1W  absorbed  pump  power.  Wavelength  tuning  was  realized  by  use  of 
an  external  cavity  containing  a  diffraction  grating.  The  operating  wavelength  could  be  tuned 
over  250nm  from  1723nm  to  1973nm.  The  combined  wavelength  tuning  range  for  core  and 
cladding  pumped  Tm  fiber  lasers  extends  from  1723nm  to  206 lnm.  This  is  an  extremely  broad 
tuning  range  and  will  almost  certainly  benefit  a  range  of  applications.  In  contrast,  direct  diode 
pumping  at  ~790nm  offers  higher  overall  efficiencies,  but,  due  to  the  poor  beam  quality  of  high 
power  diode  sources,  offers  rather  limited  flexibility  in  fiber  design  and  in  operating  wavelength. 
By  optimising  the  fiber  design  to  exploit  the  efficiency  enhancing  ‘two-for-one’  cross-relaxation 
process,  we  have  demonstrated  slope  efficiencies  with  respect  to  absorbed  power  up  to  65%.  We 
have  also  demonstrated  a  Q-switched  fiber  laser,  based  on  the  same  fiber,  with  pulse  energies 
~0.6mJ  and  peak  powers  >5kW.  Further  increase  in  pulse  energy  and  peak  power  should  be 
possible  by  further  optimising  the  fiber  design  and  by  pumping  at  1565nm. 


5.0  CONCLUSIONS  AND  FUTURE  WORK 

In-band  pumping  of  a  Tm  fiber  laser  by  a  cladding-pumped  Er,Yb  fiber  laser  has  been 
investigated.  Preliminary  results  indicate  that  this  ‘fiber-fiber’  hybrid  laser  scheme  is  a 
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promising  approach  for  generating  high-power/high-pulse-energy  and  widely  tunable  output  in 
the  2pm  spectral  region  with  high  operation  efficiency  and  good  beam  quality.  For  further 
power  scaling,  however,  it  is  going  to  be  necessary  to  improve  the  design  of  the  Tm-doped  fiber. 
More  specifically,  the  inner-cladding-to-core  area  ratio  should  be  reduced  to  increase  the  pump 
absorption  coefficient  for  cladding-pumped  configurations  to  allow  much  shorter  device  lengths. 
This  should  allow  scaling  of  Tm  fiber  laser  output  power  to  well  beyond  100W  with  slope 
efficiency  >70%  using  single  or  multiple  high  power  Er,Yb  fiber  pump  sources.  Further 
extension  of  the  range  of  operating  wavelengths  may  also  be  possible  by  tailoring  the  Tm  fiber 
design  for  operation  in  the  desired  wavelength  regime  and  by  employing  in-fiber  Bragg  gratings 
for  wavelength  selection. 
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Appendix  A1 


Highly  efficient  Er,Yb-doped  fiber  laser  with 
188W  free-running  ancl  >  100 W  tunable  output 

power 

D.  Y.  Sheu,  J.  I L  Snlrn  and  W.  A.  Clarkson 
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Abstract:  Efficient  hi.Eib-poT.ver  operalicn  of  an  erbium-ytterbium  co-doped 
fiber  laser  claddmg-pumped  by  two  spatisDy-rmiMplexed  and  polarization 
combined  975  cm  diode-stacks  ls  reported.  Up  to  123  W  of  continuous- 
wave  output  at  1.57  pm  was  generated  with  a  beam-cjualLty  factor  (Xf)  of 
1.9  and  au  eve: a  11  slope  efficiency  with  respect  to  laimcbed  pump  power  of 
41%  (and  43%  for  output  powers  <120W).  Tunable  operation  was 
demonstrated  by  use  of  an  e: vernal  cavity  containing  a  diffraction  grating 
and  a  maximum  output  power  of  108  W  at  153E  urn  was  generated  for  a 
laundied  pump  power  of  -  336  W.  Toe  operating  wavelength  was  tunable 
from  1531  to  15/1  idi  with  >100W  omput  power" over  a  mning  range  of  36 
urn  from  1532  omto  1568  mn 
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1.  Introduction 

High-power  solid-state  laser  sources  operating  in  the  eyesafe  wavelength  regime  around  -1.5- 
1.6  pm  have  numerous  applications  in  areas  such  as  re  more  sensing,  range  finding,  and  free 
space  and  satellite  communications.  The  traditional  approach  for  producing  laser  output  in  tens 
wavelength  region  is  via  direct  ckode  pumping  of  erbium- vtreibium  co-rlcped  bulk  glass  or 
crystal  lasers  [1],  Power  scaling  of  such  lasers  Las  proved  rather  difficult  due  to  the  high 
thermal  loading  density-  which  results  from  a  large  quantum  defect  md  the  need  for  relatively 
high  active  ion  concentrations.  The  situation"  is  further  exacerbated  by  energy-tra  ns  let¬ 
up  con  version  which  leads  to  increased  heat  gene  ran  oil  For  many  of  these  applications  the 
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requirement  for  high  output  power  is  also  acc  ompamed  by  the  need  of  high  efficiency  and 
good  beam  quality,  which  are  often  difficult  oo  achieve  in  conventional  "bulk'  Er-doped  sohd- 
stace  laser  owing  to  hi  elLl  thermal  leading.  Me  re  over.  :he  combination  of  relatively  narrow 
emission  lineuiSchs  and  rather  lev/  gauis^  tha:  are  typical  in  conventional  solid-state  lasers 
res  trio's  the  range  of  operating  v/ave  lengths  and  hence  further  limits  then  applicability. 
C la d dm g-pnmp mg  of  Er.Y"b-doped  fiber  lasers  (EYDFLs)  offers  a  premising  route  to  output 
in  thin  spectral  region  [2]  with  the  attraction  of  a  geometry  that  has  a  high  degree  of  immunity 
from  the  effects  of  thermal  loading,  and  allows  scaling  to  high  power  levels  without 
decreasing  efficiency  or  degrading  beam  quality’  [3].  Me  re  over,  the  broad  emission  licewidths 
that  are  typical  in  glass  hoses  allows  for  flexibility  in  the  operating  wavelength.  To  date: 
operation  of  an  EYDFL  with  103  W  of  continuous-wave  output  power  at  1.57  pm  has  been 
reported  for  nee-running  easily  configuration  (i.e.  with  ne  wavelength  selection)  with  a  slope 
efficiency  of  30%  with  respect  to  launched  pump  power  [4],  Tunable  operation  of  an  EYDFL 
Las  been  reported  wtdi  output  powers  up  30  W  [5]  and  43  W  [6]  cladding-pumped  by  940  run 
and  975  11m  diode  lasers  respectively.  In  this  paper  we  report  a  highly  efficient  ErT'-Ybq+  co¬ 
doped  fibre  Laser,  cladding  pumped  hy?  a  975  1m  diode-stack  source,  that  generates  up  to  l£S 
W  of  continuous -wave  (cw)  output  at  1565  nm  with  an  overall  slope  efficiency  of  41%  with 
respect  to  launched  pump  power.  We  have  also  demonstrated  tunable  operation  by  use  of  an 
external  cavity  containing  a  diffraction  grating  achieving  a  maximum  output  power  of  10S  YV 
at  1533  nm  for  a  launched  pump  power  of  ~  336  W.  The  operating  wavelength  could  be 
tuned  over  3C  urn  from  1535  to  1563  nm  at  output  power  levels  >100  W  and  with  a  linewidth 
of~l  urn. 

2.  Expeiimeuts  md  results 

The  double-clad  Er/iTb  co-doped  fibre  (EYDT)  used  ul  our  experiments  was  pulled  fiom  a 
perform  fabricated  in-house  using  the  standard  modified  chemical  vapour  deposition  (MCVD) 
and  the  solution  doping  technique  [7].  The  fibre  had  an  Er.Yb-doped  phospho-silicate  core  of 
30  pm  diameter  and  0.52  KA,  surrounded  by  a  pure  silica  D-shaped  inner-cladding  of  400  \im 
diameter  (-360  pun.  along  the  short  axis).  The  Latter  \vas  coated  with  a  low  refractive  index 
(n=l  .375)  UV  curable  polymer  outer-oladdhm  to  produce  a  high  numerical  aperture  (~0.4 
KA)  waveguide  for  ±e  pump  and  hence  to  facilitate  efficient  launch  of  pump  light  from  high- 
power  (but  low-brightness)  diode  sources.  Pump  power  was  provided  by  two  975  mu  diode- 
stacks  which  were  spatiallv-combiued  by  inter-lea-.mg  their  output  beams  using  a  slotted- 
minor  beam-combuier.  Tie  resulting  beam  was  then  slit  into  two  beams  which  were 
subsequently  polarizaion-combined  to  produce  a  single  beam  of  relatively  high-brightness 
with  beam  propagation  factors  of  MyM5D  (in  the  stacking  direction)  and  M*_~200  (in  the 
orthogonal  direction),  and  with  a  maximum  power  of  —700  W.  The  resulting  bean:  was  then 
split  Tnto  two  beams  of  roughly  equal  power  and  with  M/- 1 50  and  M?-!  00  allowing 
pumping  of  the  EYDFL  from  both  ends,  as  shown  in  Fig.  1(a).  Pump  light  was  bunched  into 
opposite  ends  of  the  fiber  wadi  the  aid  of  anti-ref.ecficn  coated  lenses  of  25  mm  focal  length 
and  diclroic  mirrors  v.ith  high  reflectivity  (>99.5%  at  45')  at  the  pimp  v/ave length,  and  hLgh 
transmission  (:=9E%)  at  1530-1570  urn  co  allow  efficient  extraction  of  the  EYDFL  output. 
With  this  pump  arrangement,  the  Launch  efficiency  into  the  fiber  was  estimated  to  be  -30%. 
The  effective  absorption  coefficient  for  die  fiber  for  pump  light  centered  975  am  was 
measured  to  be  -  6.9dB'm_  and  hence  a  relatively  short  fiber  length  of  -3  m  was  selected  for 
the  free-running  EYDFL  The  combination  of  this  short  device  length  and  the  relatively  large 
core  diameter  of  30  pm  are  important  for  preventing  self-pulsing  and  avoiding  detrimental 
nonlinear  process  that  would  otherwise  lead  to  a  roll-over  in  output  power  or  damage  at  the 
fiber  end  facets.  Both  end  sections  of  the  fiber  were  carefully  mounted  in  water-cooled  V- 
groove  heat  sinks  to  prevent  thermal  damage  to  tee  fiber  coating  due  to  unlaunched  pump 
power  and  by  heat  generated  m  the  core  due  to  quantum  defect  heatuig.  FeedbaoL  for  laser 
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oscillation  was  provided  by  die  3.6':  ■:  irresne]  reflection  from  a  perp  en dicularly^ le are d  fiber 
end  facet  at  one  end  of  :he  fibre,  rail  at  the  opposite  end  by  a  simple  external  cavity 
comprising  a  plane  mirror  with  lush  reflect  rvEty  i  >99.5*$  at  1.5-1.65  pm  and  high 
Transmission  (>95%)  at  940-970  on:,  and  and -reflection  coated  50  mm  foca]  length 
collimating  and  focusing  lenses. 

Dichreic  mirrors  with  liigli  reflectivity  at  i  Lim  md  Ingh  transmission  at  911  rnn  were 
inserted  into  tlie  two  pump  aimt  to  prevent  anv  - 1  radiation,  dme  to  parad.de  lasing  on  the 
Yb*4  transition.,  from  oeing  fed  bach  tc  the  diode-stacks.  Tlie  laser  output  was  collimated  with 
a  50  mm  fecal  length  ]ens  with  high  transmission  at  1.5-1.65  pim.  Using  this  arrangement  tlie 
laser  reached  dire-:  ho  Id  at  a  combined  incident  pump  power  of  -  3  W  and  generated  a 
maxiimm  output  power  of  159  W  at  1565  run  wish  a  linev.idth  of  -  2.6  mn  (FWHM)  for  a 
total  incident  pump  power  of  5E2  W  (466  \Y  launched),  corresponding  to  au  average  slope 
efficiency  (writ  respect  to  launched  power)  of  34. 1%  (tee  Fig  2).  The  laser  had  a  iiiglier  slope 


Launched  pump  power  (W) 

Fle.  2  Ootpu:  power  varai.  Uodisd  pump  power  foe  ts-nmEios  Ei.Yb  fiber  In  her  with 
ZL  Pr.-jPTr-al  civitV. 
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efficiency  of  37.3%  at  low  pump  powers  (  220  IV)  which  decreased  tc  3 1.2%  at  high  pump 
power  due  to  die  onset  of  parasitic  lasing  on  the  TV-  transition  at  -linn  The  feedback  for  1 
Mm  lasing  was  prodded  by  the  two  p  eipendicularly- c  5  e  a  ve d  fiber  end  facets  aud  the  combined 
output  at  4.065  urn  was  measured  to  be  2S  W.  The  beam  quality  factor  (M1}  for  the  EYQFL 
was  measured  to  be  1.9,  which  was  a  little  better  than  expected  given  that  the  cote  has  a  V 
value  of  -  13.  The  power  stability  of  the  laser  output  was  monitored  with  a  high  speed  InGaAs 
detector  (b mdwidtn  cf  50  MHz)  .and  a  ISO  MHz  digital  oscil-oscope  and  do  se.f-pulsiug  was 
observed  at  a  si  power  levels.  Removing  the  brg]i  reflectivity  mirror  tom  the  external  cavity, 
so  din'  feedback  for  both  1  pin  and  1.57  \xm  -lising  was  provided  by  the  two  perpeiiriicuiariy- 
cleaved  fiber  end  facets,  resulted  m  a  combined  output  power  of  IBS  W  at  1565  mu  for  a 
launched  pump  power  of'  465  W  (see  Fig.  3).  Tlie  overall  slope  efficiency  with  respect  to 


Fig.  3.  Oanmi  ptmer  VE-rsiz,  L>iaciiai  jncap  pcwe:  with  no  estanal  cavity. 

Launched  pump  power  was  41%.  Similarly,  die  laser  exhibited  a  high  slope  efficiency  of 
43.1%.  a:  low  pump  powers  300 W).  which  decreased  to  36.E%  at  high  pump  powers  due 
once  again  to  lasing  on  YVT  transit  ion.  In  this  case,  la  nog  as  1065  run  resulted  in  a  total 
output  power  (ie.  from  both  fiber  ends)  of  <20  W.  It  is  inserestmg  to  note  that  ~he  lpm  power 
was  sismiicantty lower  for  the  biter  cavity  configuration  This  is  believed  to  be  due  tc  lower 
cavity losses  ar'ljnu  for  the  former  cavity  configuration  {shown  in  Fig.  1(a))  due  to  residual 
feedback  from  the  external  feedback  cavity  at  -l^m.  One  way  to  avoid  parasitic  lasing  a: 
-t  Lim  is  to  increase  die  cavity  loss  at  -lum  by  using  an  angle  cleaved  fiber  end  facet  nearest 
the  externa]  cavil?/  and  by  using  a  plane  mirror  with  high  transmission  ui  the  103C-1 1BG  mu 
regime  It  is  worth  noting  that  the  bser  output  pcwer  in  Fig.  2  and  Fig.  3  is  still  essemiafiy 
linear  with  respect  tc  pump  power  at  even  the  high  pump  power  if  parasitic  lasing  at  -l|tin  is 
token  into  accciml.  with  no  evidence  of  any  deffimemal  impact  due  ~n  thermal  loading. 
Hence,  with  :he appropriate  cavity  design  and  with  the  required  degree  of  suppression  of  Ini: 
Using.  it  should  be  possible  to  obtain  a  further  increase  in  output  power  by  shnpiy  increasing 

"  "lijmi'cle  operation  of  E.YDIL  was  demonstrated  employing  a  single  external  cavity 
design,  os  shewn  in  Fig.  1(b).  comprising  an  antirefiecion  coated  colhmatmg  :ens  of  focal 
length  120  mm  arid  a  simple  rephea  diffraction  grating  (600  lines  mm]  mounted  on  a  c  coper 
substrate  to  facilitate  removal  of  waste  heat.  A  refrifively  Icue  focal  length  collimating  teas  in 
the  external  Redback  cavity7  was  selected  to  avoid  any  "possible  damage  tc  the  grating  and  to 
reduce  the  collimated  beam  divergence  and  he] ice  nicrease  the  spectral  selectivity  of  the 
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grating  feedback  cavity.  The  grating  was  blazed  for  wavelength  of  -1.65  pm  with  reflectivity 
of  -15%  for  liErjiT  polarised  parallel  to  the  grooves  and  -95%  for  light  polarised  in  the 
oriogonal  direction.  and  was  a  signed  in  the  Luttrow  c  ciifiguratLou  to  provide  wavelength 
selective  feedback  and  hence  die  means  for  adjusting  die  lasing  wavelength.  The  fiber  end 
facet  nearest  die  gratmg  was  angle -polished  aft  -14°  to  suppress  parasitic  lasing  between  tire 
two  fiber  end  facets  A  shorter  fibre  length  of  -  3  m  was  selected  for  the  tunable  operation 
and  r]je  combined  unab  sorbed  ptmip  power  {'torn  two  ends  ;■  was  measured  to  7  W  for  a  total 
launched  pump  power  of  33 6  W.  Using  ibis  resonator  configuration,  die  Laser  generated  a 
maximum output  power  of  IQS  W  at  1533  nm for  -  336  W  of  Launched  pinup  power  (see  tnset 
of  Ftg.  4 1.  The  dire  she  Id  pump  power  (launched)  was  -  3.3  W  and  die  dope  efficiency  with 
respect  to  launched  pump  power  was  32%.  The  linear  dependence  of  tbe  output  power  bn  the 
pump  power  suggests  tha:  there  was  no  severe  thermal  induced  defodnation  on  tbe  bulk 
grating  even  at  highest  pump  power,  and  clearly  indicates  that  there  is  scope  for  furflier  power 
scaling  cf  dns  simple  unable  EYDFL  laser  architecture  by  increasing  the  pump  power.  The 
laser  output  power  as  a  function  of  operating  wavelength  ts  shown  oi  Fig.  4.  Toe  lasnig 
wavelength  could  be  tuned  from  1331  to  1571  mil  and  over  36  nm  from  -  1332  ro  156£  mil  at 
output  power  levels  m  excess  of  100  W  with  a  linewidth  (FWHM)  of-1  mn.  The  short-term 
stability  was  measured  to  be  '  0. 9'%  (RMS)  on  a  time  scale  cf  300  lls.  Moreover,  tbe  output 
power  "was  very  stable  over  longer  tune  periods  with  power  fluctuations  o:  3%  over  a  tune 
scale  of  30  minutes,  and  we  did  no:  observe  any  degradation  in  performance  over  a  period  of 
several  months  of  mtemiitten:  use. 


Fig.  1.  iimabtr  Er.Yn  fitEr  c-.rtpoi  row  sc  veceje  coecadiiE  wav  elsiisdi  far  a  2  ql  Sbar. 

]j.  ec  Output  power  of  the  tunable  Er.Yb  fit'll  Lo  itc  a- :  533  an  veil i=  la  jacked  puns  power 

3.  Coaidtision 

In  conchision  efficient  arid  high-power  operation  of  an  erbium-yttefbmm  co-doped  fiber  Laser 
cladding -pumped  by  two  97  j  Tun  diode-stacks  is  reported  Up"  to  13£\V  of  continuous  wvave 
output  at  1  51  pm  was  generated  with  a  beam-quality  factor  (A/)  of  1.9  and  on  overall  slope 
efficiency  with  respect  to  launched  pump  power  of  41%  arid  43%  for  low  powers  (  500  W>. 
Tunable  operation  was  demonstrated  by  use  of  an  external  cavity  containing  a  diffraction 
.grating  and  a  maximum  output  power  of  IDS  W  at  1533.  nmwas  generated  for  a  hunched 
pomp-  power  of  -  336  W.  The  operating  wavelength  was  tunable  from  over  36  nm  from  1 532 
nm  to  1565  nm  at  output  power  levels  m  excess  of  ICO  W  with  a  ine  width  (TWHM)  of  -1 
nm.  The  short-semi  stability  was  measured  to  be  -  0.9%  (RMS)  and  tbe  output  power  was 
very  stable  over  longer  rime  periods  with  power  fluctuations  of  '  5,:  ■:  over  a  tune  scale  of  3C1 
minutes  with  no  evidence  of  self -pul  sing  a:  my  power  level.  The  linearity  of  output  power  as 
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a  function  of  pump  power  for  both  the  free-miming  and  tunable  cavity  configurations  suggests 
that  there  is  considerable  scope  for  further  pcuva:  scaling. 
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Appendix  A2 

High- power  widely  tunable  Tin  fibre  lasers  in  cladding-pumped  and  coi  e- 

p umped  cavity  configurations 

D.  Y.  Shat,  V.  Sh  cheslmsMy,  JK.  Sahu  IT  A.  Clarkson 

Optoelectronics  Research  Centre,  Untversify  of  Southampton,  SOI  7 .13 J,  United  Kingdom 

Cladding -pumped  Tm-doped  fibre  lasers  operating  in  eye-safe  2-u.m  spectral  regicn  have  attracted  Rowing  interest  in 
recent  years  owing  to  then'  numerous  applications  in  areas  such  as.  lidar  and  medicine.  In  contrast  to  conventional 
"bulk’  solid-state  lasers,  fibre-based  sources  benefit  from  a  geometry  that  allows  relatively  simple  thermal  management 
and  hence  offer  the  prospect  of  higher  output  power  and  imprcved  beam  quality.  A  particular  attraction  of  Tm-doped 
fibre  Lasers  is  the  very  broad  transition  lmewiddi  offeiing  the  prospect  of  wide  tunability  over  the  -1700-21 00  run 
regime.  Direct  pumping  of  double-clad  Tm-doped  silica  fibre  lasers  with  diode  laser's  at  —790  urn  [1]  and.  more 
recently.  Tm-doped  silica  fibre  lasers  sensitized  by  co-doping  with  Yb  at  975  nm  [2]  has  been  demonstrated  with  output 
powers  up  to  30  W  (limited  by  available  pump  power)  and  7  5  W  (limited  by  fibre  damage)  respectively.  In  the  latter, 
the  slope  efficiency  was  rather  low  (--  26%).  due.  in  part,  to  the  relatively  high  quantum  defect  heating  (—5 1%),  hence 
suggesting  that  power  scaling;  may  prove  rather  difficult  via  this  scheme.  An  alternative,  and  mere  promising,  approach 
for  power  scaling  of  Tm  fibre  Lasers  is  to  pump  directly  into  the  upper  level  manifold  with  an  Er  fibre  laser  at  1.5  5-1 .62 
im.  This  has  the  attraction  of  a  very  high  Stokes  efficiency  (-0.75-0.S5)  and  hence  low  quantum  defect  heating, 
opening  up  the  prospect  of  very  high  lasing  efficiencies.  In  addition  the  good  beam  quality  available  from  high-power 
Er-doped  fibre  Lasers  allows  direct  pumping  into  the  Tm-doped  fibre  coie  leading  to  the  possibility  of  much  shelter 
device  lengths.  This  is  critically  important  for  extending  the  tuning  range  of  Tm  fibre  lasers  to  shorter  wavelengths,  hi 
this  paper  we  report  highly  efficient  operation  of  Tm-doped  silica  fibre  lasers,  pumped  by  a  high-power  cladding- 
pumped  Er.Yb  fibre  Laser  at  1565nm  in  both  cladding-pumped  and  core -pumped  resonator  c  onfiguraticns.  In  the 
cladding-pumped  Tm  fibre  laser  we  obtained  up  to  1 9  W  of  output  at  1991  nm  with  a  slope  efficiency  of  69%  with 
respect  to  absorbed  pump  power,  and  in  the  core-pumped  laser  we  obtained  a  maximum  output  power  of  12.1  W  at 
lSbQnin  limited  by  available  pump  power.  Using  tunable  cavity  configurations  the  cladding-pumped  and  core -pumped 
Tm  fibre  Lasei^s  could  be  tuned  from  1S61  to  206 Inm  and  from  1725  to  1 9 73mn  at  multi-watt  power  levels  respectively. 
To  the  best  of  our  knowledge  this  represents  the  broadest  tuning  range  and  shcitest  operating  wavelength  from  a  liigh- 
power  Tm-doped  fibre  Laser  reported  to  date. 

The  Tm  fibre  used  in  cur  expeiiments  had  a  Tm-doped  alumino-silicate  core  of  20  pm  diameter  and  0.12  NA, 
surrounded  by  a  pure  silica  D-shaped  inner-cladding  of  200  pm  diameter  and  0.49  NA  (calculated),  with  a  low 
refractive  index  polymer  outer-cladding.  The  pump  source  was  an  Er-Yb  co-doped  fibre  laser  cladding  pumped  by  a 
high  power  diode-stack  at  975  nm  which  provided  up  to  5BW  of  output  at  1565nm  in  a  beam  with  M"=1.9.  The 
effective  absorption  coefficient  in  the  Tm-doped  fibre  (i.e.  for  cladding-pumping)  at  this  pump  wavelength  was 
measured  to  be  -1.5  dB  ni.  and  hence  a  fibre  length  of  —2  m  was  selected  for  reasonably  efficient  pump  absorption 
(-£2%).  The  laser  cavity7  was  formed  between  the  perpendicularly-cleaved  fibre  end-facet  at  the  pump  Launch  end  of 
the  fibre  (which  also  seived  as  the  output  coupler),  and  a  simple  external  cavity  composing  a  collimating  lens  and  a 
plane  minor  with  high  reflectivity  at  —  1 .8-2.1  urn  at  the  other  end  of  the  fibre.  A  diehncic  mirror  with  reflectivity 
>99 .  £%  at  —2  pm  and  transmission  >92  at  - 1 .5  pm  was  used  to  extract  the  output  beam.  Die  laser  reached  threshold  at 
a  launched  pump  power  of  3.1.W  and  produced  a  maximum  output  power  of  19.2  W  at  1991  nm  at  the  maximum 
available  pump  power  corresponding  to  3  £.2  W  launched.  The  slope  efficiency  with  respect  to  the  absorbed  pump 
power  was  69%.  which  compares  favourably  with  the  upper  limit  of  -7g%  determined  by  the  Stoke  efficiency. 
Wavelength  timing  was  achieved  by  modifying  the  external  cavity  design  to  include  a  simple  diffraction  grating  (600 
Jines/mm)  aligned  in  the  Littrow  configuration  to  provide  wavelength  selective  feedback.  In  these  experiments  a  shorter 
Length  of  fibre  (-2.5m)  was  employed  and  a  simple  aiiangemeut  for  retro-reflecting  the  imab sorbed  pump  light  after  a 
single-pass  to  improve  the  pump  absorption  efficiency.  Using  this  resonator  configuration  we  obtained  a  maximum 
output  power  of  17.4  W  at  1941  nm  for  32.2  W  of  launched  pump  power,  and  the  lasing  wavelength  could  be  timed 
over  200  nm  from  1S61  to  2061  nm  with  an  output  line  width  (FWHM)  of  <0.5  nm.  Tor  the  core  pumping  experiments, 
similar  cavity  configurations  were  employed,  but  with  a  much  shelter  length  of  fibre  (—24  cm)  due  to  the  higher 
absorption  coefficient  (—150  dB  m)  for  the  pump  light.  For  the  ncu-tiumble  cavity  configuration  a  maximum  output 
power  of  12 .1  W  at  1S61  nm  was  generated  with  a  slope  efficiency'  of  5S.5%  with  respect  to  the  absorbed  pump  power. 
For  the  tunable  cavity,  we  obtained  up  to  £.4  W  of  output  and  operating  wavelength  was  tunable  over  24S  nm  from 
1725-1973  nm  at  multi -watt  power  levels.  The  prospects  for  further  improvement  in  performance  will  be  discussed. 
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